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Application Number 10/633,697, filed August 5, 2003, entitled "Glycosylation 
Engineering of Antibodies for Improving Antibody-Dependent Cellular Cytotoxicity." 

2. I am currently Chief Scientific Officer and Member of the Board at 
GlycArt Biotechnology AG in Zurich, Switzerland. I am an expert in the fields of 
molecular biology and immunology, with particular expertise in the area of antibody 
engineering. My qualifications as an expert are established by the attached curriculum 
vitae and the publications listed therein. (Exhibit A) 

3. I have read and understood the subject matter of U.S. Pat. AppL No. 
10/633,697. 

4. Glycoengineered antibodies produced according to the techniques we 
described in the above-captioned patent application are characterized by a substantial 
increase in the proportion of nonfucosylated oligosaccharides in their Fc region and 
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exhibit significantly increased binding to Fc receptors and antibody-dependent cellular 

cytotoxicity. Our studies confirming this are set forth in the attached Exhibits B-D. 

5. The present application teaches methods for producing recombinant 
antibodies with increased Fc-mediated cellular cytotoxicity and/or increased Fc receptor 
binding by engineering a host cell to express an antibody and to have an altered level of 
activity of at least one glycoprotein-modifying glycosyltransferase. According to one 
embodiment, the application teaches that the altered level of glycosyltransferase activity 
is achieved by expression of at least one glycoprotein-modifying glycosyltransferase. 
The application specifically identifies GnT III and Manll as useful glycoprotein 
modifying glycosyltransferases for this purpose. In addition, the application teaches that 
glycoengineered antibodies can be obtained by coexpressing the antibody with multiple 
glycoprotein-modifying glycosyltransferases, such as GnTIII + Manll. {See page 13, 
lines 18-30; page 21, lines 15-25.) 

6. Exhibit B is U.S. Pat. Appl. Pub. No. U.S. 2004/0241817, which 
published December 2, 2004, and is entitled "Fusion Constructs and Use of Same to 
Produce Antibodies with Increased Fc Receptor Binding Affinity and Effector Function." 
I am a named inventor on that application. Example 6 of the application describes 
experiments that I and my colleagues conducted to study the effect of coexpression in a 
host cell of the human a-Mannosidase II ("hManll") gene or, alternatively, a 
polynucleotide encoding the Golgi localization domain of hManll fused to the catalytic 
domain of human galactosyltransferase, and an expression vector encoding the 
recombinant anti-CD20 antibody C2B8. 

7. Specifically, to study the effect of hManll coexpression, we transfected 
HEK 293-EBNA cells with expression vectors encoding each of the light chain and 
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heavy chain of the anti-CD20 monoclonal antibody and the hManll gene. At day 5 post- 
transfection, supernatant was harvested and the monoclonal antibody was purified from 
the supernatant by sequential chromatography. (Paragraph Nos. 0434 - 0436.) 

8. We analyzed the oligosaccharide structures of the purified antibody by 
enzymatically cleaving the oligosaccharides from the antibodies by PNGaseF digestion 
and, optionally, EndoH glycosidase digestion. The enzymatic digests containing the 
released oligosaccharides were subsequently analyzed by MALDI/TOF-MS. (Paragraph 
Nos. 0437-0446.) 

9. The oligosaccharide profile of the anti-CD20 antibody coexpressed with 
hManll and the relative percentages of the structures found associated to the Fc portion 
of the antibody are shown in FIG, 34. As noted in the application, the oligosaccharides 
found associated to the Fc portion of the antibody are complex structures, 48% of which 
lack core fucose. The a-Mannosidase II competes with the core- fucosyl transferase, 
generating 48% non -fucosyl at ed oligosaccharide structures. In the absence of a- 
Mannosidase II, the oligosaccharides of the Fc portion of the antibody are composed of 
only fucosylated structures (wild-type antibody). {See Paragraph No. 0448). 

10. The oligosaccharide profile of the anti-CD20 antibody coexpressed with 
the hManll-GalT fusion protein is shown in FIG. 35A-B. Antibodies produced in the 
presence of hManll-GalT show almost 100% non- fucosylated structures. (Paragraph No. 
0449.) 

1 1 . We also assayed antibodies produced in the presence of hManll or 
hManll-GalT fusion protein for binding to Fc receptors and ADCC activity. As shown 
in FIG 29, expression of a Manll-GnTIII fusion polypeptide in the antibody-producing 
host cells resulted in an increase in ADCC activity. (Paragraph No. 0419.) The binding 
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assay experiment utilized the cell line CHO- 1708-37, which expresses on its surface the 
FcyRIIIA receptor (CD1 6) and the y chain of the FcyRI receptor. The expression of the 
FcyRIIIA receptor was assessed by FACS analysis using the 3G8-FITC monoclonal 
antibody. As shown in FIG. 36, the anti-CD20 antibody produced in the presence of <x- 
Mannosidase II binds to the FcyRIIIA receptor with higher affinity than the wild-type 
antibody that was not produced in the presence of ManIL (Paragraph No. 0457.) 

12. Exhibit C is a paper by my colleagues and me that was published in the 
journal, Biotechnology & Bioengineering 93:851-61 (2006). The title of the paper is 
"Modulation of Therapeutic Antibody Effector Functions by Glycosylation 
Engineering." In general, it describes the generation of anti-CD20 antibody 
glycovariants by coexpression in a host cell of GnT-III or chimeric GnTIII proteins. 

13. In these studies, we analyzed two anti-CD20 antibodies produced by 
either: 1) coexpression with a fusion protein comprising the catalytic domain of human 
GnTIII fused to the Golgi localization domain of human Mannosidase II (termed 
"Glyco-l" antibodies); or 2) coexpression with the GnT-III/Manll fusion construct and a 
gene encoding Manll ("Glyco-2" antibodies) for ADCC activity and for their affinity to 
bind FcyRIIIa compared to either the unmodified {i.e., not glycoengineered) antibody, or 
to an antibody glycovariant produced under the same conditions by co-expression of 
GnT-III ("GIyco-0"). (Pages 856-857.) 

14. We evaluated ADCC of the glycoengineered antibodies and found that 
both the Glyco-l and Glyco-2 antibodies mediate an enhanced ADCC response. (Page 
857; FIG. 5 A.) The Glyco-l and Glyco-2 variants were also 100-fold more potent than 
unmodified antibodies in depleting B-cells. (Page 857; FIG 5C.) 
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15. We also evaluated the binding of the glycoengineered antibodies to 
FcyRIIIA on peripheral human natural killer (NK) cells, which are known to be 
important mediators of ADCC, and to constitutively express FcyRIIIA. Both Glyco-1 
and Glyco-2 were found to bind with a considerably higher affinity to NK cells than 
unmodified antibody. {See FIG. 4A). The Glyco-0 antibody produced by wild-type 
GnT-III coexpression was found to have intermediate FcyRIIIA binding affinity between 
that of the unmodified antibody and Glyco-1 /Glyco-2. (Page 857.) 

16. Exhibit D shows the results of a study we conducted to determine the 
effect of constitutive coexpression of recombinant, wild-type (31,4-N- 
acetylglucosaminyltransferase III (GnT-III) and Golgi a-mannosidase II (Manll) in 
stable, industrial grade GHO cells on a recombinant anti-CD20 antibody produced by 
those cells. 

17. FIG. 1 of Exhibit D shows the glycosylation profile (as determined by 
MALDI/TOF-MS) for the Fc-region oligosaccharides of a nonglycoengineered 
recombinant antibody produced in CHO cells. The level of nonfucosylated 
oligosaccharides is below 10%, which is typical for a nonglycoengineered antibody 
produced by CHO cells. 

18. FIG 2 of Exhibit D shows the glycosylation profile for the Fc-region 
oligosaccharides of a glycoengineered anti-CD20 antibody produced in CHO cells. The 
glycoengineered antibodies had significantly increased levels of nonfucosylated 
oligosaccharides relative to the nonglycoengineered antibodies. In particular, peaks at 
m/z 1339, 1543 and 1705 correspond to nonfucosylated, complex oligosaccharides, 
which represent over 70% of the total oligosaccharides. 
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19. FIG. 3 of Exhibit D depicts the binding to FcyRIII receptors achieved by 
the glycoengineered antibodies compared to the nonglycoengineered antibodies. 
Substantially increased binding to FcyRIII receptors was observed for the 
glycoengineered antibody. 

20. FIG. 4 of ExhibitD depicts the increased antibody-dependent cellular 
cytotoxicity observed for a glycoengineered antibody with increased levels of 
nonfucosylated Fc-region oligosaccharides compared to the nonglycoengineered 
antibody. 

21 . Thus, the attached Exhibits show that anti-CD20 antibodies coexpressed 
either with wild-type hManll or wild-type GnT-III or wild-type GnTIII and wild-type 
Manll have substantially increased affinity for the FeyRIIIA receptor and enhanced 
ADCC activity compared to the corresponding nonglycoengineered antibody. This 
demonstrates that the techniques taught in the present application can be used to produce 
glycoengineered recombinant antibodies having increased Fc-mediated cellular 
cytotoxicity (e.g., ADCC activity) and increased binding affinity for Fc receptors. 

22. The undersigned further declares that all statements made herein of his 
knowledge are true, and that all statements made on information and belief are believed 
to be true, and that these statements were made with the knowledge that willful false 
statements or the like so made are punishable by fine, imprisonment, or both under § 
1001 of Title 18, United States Code, and that such willful false statements may 
jeopardize the validity of any patent application or patent issued thereon. 
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claimed and for which a patent is sought on the invention entitled Giycosylation 
Engineering of Antibodies for Improving Antibody-Dependent Cellular Cytotoxicity, 
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X was filed on August 5, 2003 ; 

as United States Application Number 10/633,697 ; and 
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specification, including the claims, as amended by any amendment referred to above. 

I acknowledge the duty to disclose information that is material to patentability as defined in 
37 C.F.R. § 1.56, including for continuation-in-part applications, material information which 
became available between the filing date of the prior application and the national or PCT 
international filing date of the continuation-in-part application. 
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Getting the glycosylation right: 
Implications for the 
biotechnology industry 

Nigel Jenkins*, Raj B. Parekh 1 , and David C. James 2 

Department of Biological Sciences, De Montfort University, Leicester LEI 9BH, UK. 'Oxford Glycosciences, Hitching Court, Blacklands Way, Abingdon 
OX141RG, UK. 'Research School of Biosciences, University of Kent, Canterbury, Kent CT27NJ, UK. *Corresponding author (e-mail njcnkins@dmu.acMk). 

Received 4 March 1996; accepted 18 June 1996. 

Glycosylation is the most extensive of all the posttranslational modifications, and has important 
functions in the secretion, antigenicity and clearance of glycoproteins. In recent years major advances 
have been made in the cloning of glycosyltransferase enzymes, in understanding the varied biological 
functions of carbohydrates, and in the accurate analysis of glycoprotein heterogeneity. In this review 
we discuss the impact of these advances on the choice of a recombinant host cell line, in optimizing cell 
culture processes, and in choosing the appropriate level of glycosylation analysis for each stage of 
product development. 

Keywords: glycosylation, recombinant, antigenicity, clearance, review, carbohydrates 



better understanding of glycoprotein biosynthetic pathways and 
oning of many of the key enzymes involved, together with 
rogress in assigning functions to specific carbohydrate structures, 
as provided the groundwork for exploitation of glycobiology 
ithin the biotechnology industry. The carbohydrate components 
f glycoproteins can play crucial roles in protein folding, oligomer 
isembly and secretion processes, and in the clearance of glyco- 
roteins from the bloodstream. Certain carbohydrate structures 
ave also been found to be antigenic, and regulatory authorities 
ach as the US Food and Drug Administration are demanding 
lcreasingly sophisticated carbohydrate analyses as part of the 
roduct or process validation'- 2 . 

It is not the purpose of this review to provide a general update 
n advances in glycobiology, which have already been covered by 
iveral excellent reviews published on biosynthetic pathways 5 -*, 
le biological properties of carbohydrates', and cellular influences 
n the glycosylation process 1- ". Instead, this review will focus on 
le differences in carbohydrate structures that may arise from 
.loosing alternative gene expression systems and culture condi- 
ons, their physiological significance, and the level of carbohy- 
rate analysis that is appropriate at each stage of product 
evelopment. 

Oligosaccharide structures found on glycoproteins 

oligosaccharides can attach to proteins in three ways (Fig.l): 
I) Via an N-glycosidic bond to the K-group of an Asn residue 
'ithin the consensus sequence Asn-X-Ser/Thr (N-gJycosylation). 
.11 mature N-linked glycan structures have a common core of 
tan 3 GlcNAc 2 , which can form part of simple oligomannose struc- 
lres or be extensively modified by the addition of other residues 
jch as fucose, galactose, and sialic acids. Hybrid structures also 
xist where one or more arms of the glycan are modified and the 
;maining arm(s) contain only mannose. (2) Via an O-glycosidic 



bond to the K-group of Ser or Thr (O-glycosylation). O-linked gly- 
cosylation is extensive in structural proteins such as proteoglycans. 
Small glycan structures can also be O-linked to the side chain of 
hydroxylysine or hydroxyproline. (3) Carbohydrates are also com- 
ponents of the glycophosphatidylinositol anchor used to secure 
some proteins to cell membranes. 

The presence of these consensus sequences by no means guar- 
antees their glycosylation. They show varying degrees of occu- 
pancy with oligosaccharides (macroheterogeneity) dependent 
on their position within the protein and its conformation, the 
host cell type used for expression, and its physiological status. 
These three factors also determine the extent of variation in 
the type of sugar residues found within each oligosaccharide 
(microheterogeneity). 

Choice of expression system 

Bacteria. Common bacterial expression systems such as 
Escherichia coli have no capacity to glycosylate proteins in either N- 
or O-linked conformations 1 *. Although other bacterial strains such 
as Neisseria meningitidis have recently been shown to O-glycosylate 
certain of their endogenous proteins, the trisaccharide added is 
different from O-linked sugars found in eukaryotes' 3 . 

Yeast. Hypermannosylation (the addition of a large number 
of mannose residues to the core oligosaccharide), is a common 
property of most yeast strains' 4 and can compromise the efficacy of 
recombinant proteins such as the hepatitis B vaccine" (Table 1). 
But hypermannosylation can be prevented by expressing the poly- 
peptide in mutant yeast strains (e.g., mnn-9 or the temperature- 
sensitive ngd-29) in which N-glytosylation is confined to core 
oligosaccharide residues with a limited mannose content (up to 
Man^GlcNAcj), resulting in more effective vaccines"- 1 *. There is also 
evidence to suggest that different O-glycosylation sites are used by 
yeast and mammalian cells 17 . 
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Plants. The few studies reporting the production of human 
proteins in plants have suggested that simple N-glycan structures 
that lack sialic acids are added, which may compromise activity. 
For example, erythropoietin (EPO) produced in tobacco cells 
has no biological activity in vivo, presumably because of its high 
clearance rate". Another obstacle may be the presence of poten- 
tially allergenic residues such as core od-3 linked fucose' or xylose 

Bl-2mannose' l, . 

Insects The baculovirus-infected insect cell expression system 

has become a popular route for recombinant protein synthesis 
because of its short process development time and potentially high 
yields. Most evidence to date indicates that the N- glycosylation 
capabilities of this system are limited to producing on ly simp e 
oligomannose-type oligosaccharides (Man^GlcNAc.) ; only 
a few studies have demonstrated complex N-linked glycans . 
However, most of these data are derived from Spodoptem 
frugiperda (Sf? and Sf21 lines), and other baculovirus-infected 
insect ceU lines may differ. For example, the Ea4 line (derived from 
Estigmeno acrid) can add some terminal galactose residues to 
recombinant interferon-V, and secreted alkaline phosphatase pro- 
duced in Trichoplusia ni (TN-368 and BTI-Tn-5Bl-4 lines) has 



both galactose and terminal sialic acids*. 

Mammals. Species that are phylogenetically closer to humans 
may be expected to have more elements of the glycosylate 
machinery in common. Nevertheless, there are some surprising 
differences between the glycosylation characteristics of the roden 
cell lines (routinely used for recombinant glycoprotein synthesis) 
and human tissues. 

Mouse cells. Most mammals express the enzyme od-3-galacto- 
syltransferase, which generates Galal.3-GalBl,4-GlcNAc residues 
on membrane and secreted glycoproteins. The notable exceptions 
are in humans, apes, and Old World monkeys where the gene 
has become inactivated through frameshift mutations' .Certain 
mouse lines such as hybridomas, mouse-human heterohybndo- 
mas and C127 cells synthesize some glycans terminating in 
GalaU-GalBM-GlcNAc*"', particularly when grown in nonagi- 
tated flasks'" 1 . But other rodent lines such as mouse NSO or ra YD 
myeloma, producing humanized antibodies, do not add Gatal.3- 
GalBl 4-GlcNAc»", and only induce a mild human immune 
response". These residues are more likely to occur in hybridoma- 
derived antibodies where glycosylation occurs in the light chain 
compared to the partially buried Fc glycosylation site". Over 1% of 



Tab.e 1. Summary of the major s.ycosylatton attributes tor different cell expression systems. 



Organism 



Cell type 



Saccharide Residues 

Type of Glycosylation Fucose G f ctos |^ o26 "Jf 1 * gating G*co- 
Oligo- Hyper- «t« °£ <*aU «0 ^ ^ NeuQc Q , cNAc sidases 
O-linked mannose mannose Complex linked unKea uai 



Bacterium 
Yeast 
Plant 
Insect 



Hamster 
Mouse 



Rat 

Goat & Sheep 
Human 



Human- Mouse , - 

^SKH to : an approximation of the levels of oligosaccharides detected. 
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human serum IgG is directed against the Gal(al,3)-Gal-Bl,4- 
GlcNAc epitope" which may a be consequence of its presence on 
enteric bacteria. Specific removal of this epitope from porcine 
endothelial cells substantially diminishes their reaction with the 
natural cytotoxic antibodies found in human serum", but compar- 
isons of mouse C127 and Chinese hamster ovary (CHO)-derived 
tissue plasminogen activator (tPA) reveal only minor differences in 
the pharmacokinetics induced by interaction with these 
antibodies 1 *. 

N-glycolylneuraminic acid (NeuGc) is a derivative of the 
, sialic acid N-acetylneuraminic acid (NeuAc), and NeuGc levels 
have been shown to be more prevalent than NeuAc in antibodies 
derived from mouse or human-mouse hybridomas". In contrast 
glycoproteins m adult humans do not normally contain NeuGc 
which is an oncofetal antigen". Low levels of NeuGc (1% of total 
sialic acids) are tolerated in recombinant proteins such as EPO, but 
higher levels (e.g., in fetuin containing 7% NeuGc) can elicit an 
an U-NeuGc immune response". Furthermore, high levels of termi- 
nal NeuGc on a chimeric CT4-IgG fusion protein are correlated 
with a rapid removal of the molecule from circulation, compared 
to the same protein bearing terminal NeuAc residues" The 
hydroxylase enzyme that converts cytidine 5'-phosphate (CMP)- 
NeuAc to CMP-NeuGc has recently been cloned" 

Hamster cells Most of the CHO cell lines used for recombi- 
nant protein synthesis, such as Dux-Bl 1, have fortuitously inacti- 
vated the gene for al-3-galactosyltransferase« and make low levels 
ol NeuGc (NeuAc is the dominant sialic acid found on CHO- 
denved glycoproteins)". But cell lines such as GHO and babv 
hamster kidney (BHK) lack a functional a2.6-sialyltra„2rte 
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(ST) enzyme, and synthesize exclusively ot2,3-linked terminal sialic 
acids via a2,3-ST, in contrast to human and mouse cells, which 
have both enzymes". Most rodent cells, including the GHO cell 
line can be genetically modified to resemble the human glycan 
profile by transfection of appropriate glycosyltransferases. For 
example, the gene for rat «2,6-ST has been cloned into a recombi- 
nant CHO cell lme to produce glycoproteins with both ot2,6-linked 
and o2.3-l.nked NeuAc-". In addition, many mutants of CHO 
cells that display altered glycosylation properties that may prove 
useful hosts for expressing glycoproteins with minimal hetero- 
geneity have been isolated". 

Human cells. Other host cell lines have not been studied in 
sufficient depth to precisely define their glycosylation capabilities. 
Even the use of human host cell lines is not perfect, since the trans- 
formation event required in most cases to produce a stable cell line 
may itself result in altered glycosylation profiles". However, the 
human lymphoblastoid Namalwa cell line performs O-linked and 
N-linked glycosylation efficiently, and preliminary studies on 
Namalwa-derived recombinant tPA have demonstrated all the 
human-type glycosylation characteristics 5 "'. All mouse-human 
heterohybndomas examined thus far have been found to follow 
the glycosylation characteristics of the mouse parental line MJ1 

Transgenic animals. Relatively few studies have been reported 
on the glycosylation of recombinant proteins expressed in the milk 
of transgenic animals. Those published from experiments in trans- 
genic goats" suggest that a low level of complex glycans may be 
achieved. Furthermore, interferon--, (IFN-y) expressed in trans- 
genic mice showed a greater proportion of truncated and oligo- 
mannose structures at the Asn„ site compared to IFN- 7 that 
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expressed in CHO cells, although the level of glycosylation site 
occupancy was increased". Glycoproteins can be remodelled in situ 
by the transgenic expression of extra glycosyltransferases in the 
mouse mammary gland 54 . 

Cells derived from specialized tissues. A significant propor- 
tion of IgG molecules produced by human B-lymphocytes possess 
a bisecting GlcNAc residue (51 -4 linked to the central p-Iinked 
mannose of the core glycan. This residue may play a role in anti- 
body-dependent cell-mediated cytotoxicity, and only certain 
rodent cell lines such as the rat YO myeloma (but not CHO cells 
or NSO myelomas) produce recombinant antibodies containing 
this bisecting residue". The GlcNAc transferase III enzyme which 
adds the residue has been cloned, thus, the opportunity exists 
for remodelling chimeric antibodies by transfecting this gene into 
host cells 55 . 

A large body of evidence suggests that natural IgG molecules 
lacking galactose are associated with rheumatoid arthritis 56 . This 
has also been tested experimentally by presenting the agalactosyl 
glycoforms of autoantibodies recognizing type II collagen in 
T-cell-primed mice, resulting in acute synovitis". Thus, expression 
systems that result in a large proportion of recombinant thera- 
peutic antibodies lacking galactose should be avoided. Low levels 
of sialic acids are typically found in both recombinant and natural 
antibodies", probably due to steric hindrance at the Fc glyco- 
sylation site. 

Sulfated residues (SO,-GaINAc-GlcNAc) appear on the outer 
arms of glycans attached to several pituitary glycoprotein hor- 
mones such as luteinizing hormone (LH), thyrotropin, pro- 
opiomelanocortin and certain proteases such as urokinase"' 59 . 
A specific GalNAc transferase and a terminal GalNAc sulfo- 
transferase recognize special protein motifs in the nascent peptide 
(e.g., Pro-Leu-Arg) and are mainly restricted to the anterior 
pituitary gland. Therefore, only cell lines derived from the pituitary 
gland or endothelium (such as At20 and 293 cells) are able to per- 
form this sulfation 60 -". A hepatic receptor binds oligosaccharides 
terminating with SO«-GalNAc residues, and could account for 
the rapid removal of sulfated LH from the circulation in contrast 
to the removal of follicle-stimulating hormone and chorionic 
gonadotropin, which bear terminal NeuAc residues". Mouse CI 27 
cells produce a different pattern of sulfation (NeuAc-a3S0 4 -6Gal), 
which occurs after the addition of NeuAc". 

The clearance of a given glycoprotein from the blood stream is 
highly dependent on its oligosaccharides, particularly those that 
are situated on the outer arms of the glycan structures 41 . Indeed, 
artificial glycosylation sites have even been introduced into small 
peptides in order to improve their pharmacokinetic properties or 
to render them resistant to blood proteases* 4 ". There are several 
receptors for specific oligosaccharide structures that contribute to 
the clearance of glycoproteins from the bloodstream, the most 
significant being the asialoglycoprotein receptor 4 *. Other binding 
proteins recognize specific structures such as the Man-ct6Man- 
P4GlcNAc-p4GlcNAc found in interleukin-6 (IL-6)* 7 , but their sig- 
nificance in the clearance of the majority of glycoproteins remains 
to be determined". Studies in rats using EPO fractions enriched for 
particular glycoforms indicate that more highly branched glycans 
(e.g., triantennary or tetraantennary) are less susceptible to renal 
clearance than biantennary structures*. 

Cell culture conditions 

Once the host cell line has been chosen, the cell culture conditions 
should be optimized in order to minimize glycoprotein hetero- 
geneity and prevent deterioration of product quality during 
fermentation. Pioneering studies analyzing glycoproteins from 
batch samples 70 * 7 ' demonstrated that the culture environment can 
influence both the macroheterogeneity and microheterogeneity of 
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oligosaccharides in recombinant glycoproteins'*"-". 

Cell culture media. Monoclonal IgG, produced by mouse 
hybridomas in serum-free medium has higher levels of terminal 
sialiaatid and galactose residues relative to that produced using 
serum 72 , but antibody galactosylation is better in serum-containing 
medium for recombinant CHO ceils". Production of antibodies 
in cell culture results in more consistent glycosylation than 
achieved in ascites fluid 5 " 1 -". Adaptation of BHK-21 cells produc- 
ing a recombinant IL-2 mutant, from serum-containing to serum- 
free medium, results in substantial changes to its glycosylation, 
such as the complexity of glycan chains (number of arms, and 
higher levels of terminal sialylation and proximal cd-6 fucosyla- 
tion), and increases the overall level of glycosylation 74 . 

The ambient glucose concentration affects the degree of glyco- 
sylation of monoclonal antibodies produced by human hybrido- 
mas in batch culture", and of IFN-7 produced by CHO cells in 
continuous culture 7 *- 77 . Lipids such as dolichol act as key carriers in 
the glycosylation process, and lipid supplements alone or in com- 
bination with lipoprotein carriers can improve the N-glycosylation 
site occupancy of IFN-7"". Work on hepatocytes suggests that 
provision of cytidine and uridine can also alter protein glycosyla- 
tion by increasing the availability of nucleotide-sugars". 

The application of sophisticated analytical techniques to 
analyze glycosylation microheterogeneity has led to some interest- 
ing findings. An increase in the percentage of oligomannose 
(predominantly Ma^GlcNAcJ and truncated structures has 
been observed when monitoring both recombinant antibodies 
made by NSO myelomas 52 " and IFN-7 made by recombinant CHO 
cells". In the former study, supplemental nutrients in fed-batch 
culture did not prevent this deterioration in glycosylation. In 
perfusion culture of BHK-21 cells producing a recombinant 
IL-2 mutant, nutrient limitations (glucose, amino acids, d0 2 ) led 
to short-term changes in macroheterogeneity, but microhetero- 
geneity was largely unchanged". 

Cell status. Lowering the protein synthetic rate by cyclohex- 
imide improves the glycosylation site occupancy of recombinant 
prolactin produced by CI 27 cells", but studies on tPA synthesis 
in CHO cells suggest that the rate of protein synthesis by itself 
has little influence on protein glycosylation". Folding and disul- 
fide bond formation certainly can influence the efficiency of N- 
linked glycosylation in some proteins. For example, low 
concentrations of the reducing agent dithiothreitol prevent 
cotranslational disulfide bond formation in the endoplasmic 
reticulum and lead to complete glycosylation of a tPA sequon 
that normally undergoes variable glycosylation". Cell growth 
rate influences glycosyltransferase V levels in HepG2 cells 17 . 
Sodium butyrate is sometimes used to improve protein synthe- 
sis, but can change glycosylation by inducing a GlcNAc-trans- 
ferase involved in O-glycosylation" and increasing 
sialyltransferase activity in recombinant CHO cells' 9,90 . 
(Curiously, butyrate has the opposite effect in HepG2 cells".) 

Bioreactor configuration. Mild hypoxia has minimal effects or 
the glycosylation of tPA produced by recombinant CHO cells", bui 
influences the level of sialylation of recombinant FSH". Similarly 
pH changes within the range 6.9-8.2 in the cell culture medium dc 
not have a dramatic effect on the glycosylation profile of recombi 
nant placental lactogen expressed in CHO cells, however there wa 
some evidence for underglycosylation outside this range". 

Increases in the concentration of ammonium ion in the cul 
ture medium above 2 mM may compromise sialyltransferase 
present in the Golgi, resulting in reduced ot2,6-linked sialic acid 
in G-CSF produced by recombinant CHO cells". Increase 
ammonium ions also reduced the extent of recombinant placen 
tal lactogen N-glycosylation by CHO cells, but this was depen 
dent on the pH". 
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Product degradation. Various glycosidase activities have been 

active of which is sialidase at neutral pH» ». The soluble enzyme 
has b<* n purified from culture supernatant of CHO cells" and Z 
degrade glycans from proteins such as recombinant gp,20 The 
2Sh IT C ° d J lng f ° r S0 ' Ub,e Sialidase was subsequently 

Sou E a h^HO We n T ma] / mil3litieS l ° bM sialida «" 
Although CHO cells also produce an a-I-fucosidase, this enzyme 

. incapable of releasing core al,6-fi,cose from intact recomE 

glycoproteins (gpl20 or CD4), or the more periphera Fu" a, 3 

GlcNAc linkage from serum a,-acid glycoprotein'- Sialidase 6 

galactosidase, P-hexosaminidase. and Lcosidase can be d « c ed a 

eHs t he SUP r r ; atantS fr ° m m ° USe 293 ' NS0 ' and ^ 52£ 
CHO cdtr ' alldaSe aCtlV ' ty " mUch lower tha * *at found in 

incuLlH^W ting S,Udy> PUrified m onoclonal antibody was 
CHO Kl BHKT rnatan ^ fr ° m Va " 0US " alian »" 

mo™ Kieront r 'rT'T ^ P3 " X63 ' Ag8 653 ' and a hu ™°- 
mouse heterohybridoma) and an insect cell line (SF-21AE) and 

Controlled carbohydrate modification. Advances are beino 
made ,„ the chemical production of oligosaccharides (e K synthe 
Scant structure ManjGlcNAc, and ofent 

giycans from monosaccharides has recentlv K».„ 
comDli?h f -H'»'-'M\ Tk- t . recently been ac- 

tznZr t, a ° PenS the P° ssibilit y of deling defined R ly- 
^Jw V ■! 3f T reCorabinant Protein synthesis and secretion 
In addition, the cloning and expression in £ coli of several kev 2 
^transferase, , wi.l I facilitate the postharvest remodSg of gt: 
coproteins produced in cell culture 1 "-'", makine them mn» 
acceptable as human therapeutic proteins. 8 ^ 



Conclusions 

Improvements in glycosylate analysis have enabled scientists to 

pare 10 tneir natural human counterparts. Ultimately nrodi.ninn 
may go beyond the reiteration of the human gl'osyktfon profT 
because it may be desirable to alter the product! LaS or phaS 
macokmeucs in vw 0 by altering specific glycan structures Th initial 
cho.ce of expression system will continue to be of crucial importance 
and as more recombinant proteins are expressed in d.ffe eXJ hues' 
a pattern of glycoform predictions can be assembled (Table 1) 

effec^oS' . CnCeS ° f *' CeU CuIture P^s (including the 

effects of scale-up) are not as well defined at present but as I! 

S?r a m PU , b,iShed ^Protocols rnayemeStopX^n 
»«tent (albeit heterogeneous) glycosylate patterns A L« dMBnnt 

ein glycoform, rather than the current mixture of glycoform" each 

vla^nT? "! awareness of the importance of product glyco- 
ylaf on has lead to more detailed carbohydrate analysis a, eaSr 

art cula /ce.?" 1 than " *« P«t The choice o a 

na„ u fl. ex P ress >0" system, and the influence of a different 
Z , 8 P u° CeS$ ° n the biochemical consistency of the 
roduct are now being evaluated (Table 2). A small bu, u7crea S n j 
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Biosynthetic controls that determine the branching and microheterogeneity of 

protein-bound oligosaccharides 1 

Harry Schaciiter 
Research Institute. Hospital for Sick Children, Toronto, Ont., Canada 

and 

Department of Biochemistry, University of Toronto, Toronto, Ont., Canada 
Received October 18, 1985 

Sehachter, H. (1986) Biosynthetic controls that determine the branching and microheterogeneity of protein-bound 
oligosaccharides. Biochem. Cell Biol. 64, 163-181 

Detailed studies on the enzyme machinery responsible for the biosyndiesis of protein-bound oligosaccharides of the 
Asn-GlcNAc and Ser(Thr)-GalNAc linkage types have allowed the formulation of some general rules which explain, at least in 
part, the branching patterns and microheterogeneity of diese structures. These rules are discussed under the following headings: 
( i) competition of two or more enzymes for a common substrate; (if) controls at the level of enzyme substrate specificity (e.g. , 
critical sugar residues which turn enzyme activity on or off, branch specificity, and the roJc of the polypeptide in the glycoprotein 
substrate); (hi) substrate availability. 



Sehachter, H. (1986) Biosynthetic controls thai determine the branching and tnicrohelerogeneity of protein-bound 
oligosaccharides. Biochem. Cell Biol. 64. 163-181 

Les etudes d6taillees de la machinerie enzymatique responsable de la biosynthese des oligosaccharides lies aux proteines 
par des liaisons du type Asn-GlcNAc et Ser(Thr)-GalNAc ont permis la formulation de certaines regies generates qui 
expliquent, du moins en partie, les profils de ramification et la ruicroheterogeheite de ces structures. Nous discutons de ces 
regies sous les rubriques suivantes : (i) competition de deux enzymes ou plus pour un substrat commun; (//) controles au 
niveau de la specificite enzymatique a regard des substrata (p. ex., residus glueidiques critiques qui amorceat ou qui arretent 
ractivite enzymatique, specificite* des ramifications, rdle du polypeptide dans Ic substrat glycoprotciquc); {Hi) disponibilitc 
des substrats. 

[Traduit par la revue] 
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Introduction 

Protein-bound oligosaccharides fall into several 
classes depending on the linkage between sugar and 
amino acid. The classes to be discussed in this review 
are of the Asn-GlcNAc (N-glycosidic linkage) and 
Ser(Thr)-GalNac (0-glycosidic linkage) types. Modern 
analytical techniques have recently led to the elucidation 
of literally hundreds of different protein-bound oligo- 
saccharides. This work has shown that two properties 
distinguish complex carbohydrates from proteins and 
nucleic acids, the other two classes -of biological 
macromolecules, namely (i) branching and («') micro- 
heterogeneity. These properties pose both challenges 

Abbreviations: Gn or GlcNAc, N-acetylglucosamine; GN 
or GalNac, /V-acetylgalactosamine; (Gn), bisecting GlcNAc; 
G, or Gal, galactose; M or Man, mannosc; F or Fuc, fucose; S, 
sialic acid; Gn-T or GlcNAc-T, ^-acetylglucosaminylmuis- 
ferase; G-T or Gal-T, galactosyltransferase; ctMase 11, a-man- 
nosidasc II; F-T or Fuc-T, fucosyl transferase; S-T or sialyl-T, 
sialyltransferase; lgG, immunoglobulin G; H, heavy; L, light; 
NMR, nuclear magnetic resonance. 

1 This talk was given at the presentation of the Boehringer 
Mannheim Canada Prize of the Canadian Biochemical Society, 
on June 18, 1985. 



and problems for researchers interested in the function 
and biosynthesis of complex carbohydrates. 

The functions of complex carbohydrates are not 
properly understood and will not be discussed in detail. 
Several different functions have been identified (1). (/) 
The presence or absence of different oligosaccharides 
can modulate the physicochemical properties of a 
glycoprotein, e.g., solubility, viscosity, charge, and 
denaturation. (ii) Carbohydrate may protect the poly- 
peptide moiety of a glycoprotein against uncontrolled 
proteolysis, both inside and outside the cell. (SO Some 
glycoproteins undergo proteolytic processing within the 
cell from a large primary translation product to smaller 
final products. This process can be affected by the 
presence of protein-bound carbohydrate. O'v) Although 
carbohydrate is not usually involved in the biological 
activity of biologically active glycoproteins, there are 
important exceptions, e.g., human chorionic gonado- 
tropin, (v) Some glycoproteins require proper glycosyl- 
atiori for their insertion into membrane, for secretion, or 
for proper intracellular migration and sorting, (vi) 
Glycosylation has been implicated in embryonic devel- 
opment and differentiation. 

Wc are only beginning to understand some of these 
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functions in higher organisms, e.g., the role of cell 
surface carbohydrates in the interactions of ceils with 
their cellular and fluid environments. There is prelimi- 
nary evidence that the branching patterns of cell surface 
carbohydrate may be important in oncogenic trans- 
formation (2*5). However, die oligosaccharides on 
some glycoproteins show extreme microheterogeneity: 
e.g., highly purified hen ovomucoid has more than 20 
different oligosaccharides (6, 7). This phenomenon is 
common and is difficult to reconcile with the hypothesis 
that complex carbohydrates mediate an information- 
transfer role. 

The highly branched nature of complex carbohydrates 
has important implications conerning their synthesis 
Proteins and nucleic acids are linear molecules and are 
synthesized by a highly accurate template mechanism* 
acts as a template for RNA and RNA acts as a 
template for protein. Because they are branched, com- 
plex carbohydrates cannot be made in this way. Genetic 
information is transferred via au indirect nontempJate 



pathway. Genes code for the protein backbone of the 
glycoprotein, for the glycosylrransferases and glyco- 
sidases that form the oligosaccharides, for substrate and 
cofactor availability, and for the construction of the 
endoraembranc assembly lines within which all com- 
plex carbohydrates are synthesized. The end result is 
that nucleic acid and protein assembly tends to be very 
accurate, while the assembly of complex carbohydrates 
is prone to variation and leads to the phenomenon of 
microheterogeneity. It is not known whether this varia- 
tion is random and serves little purpose or whether 
microheterogeneity and the large diversity of structures 
have a function not yet understood. 

Biosynlhetic factors involved in complex carbohy- 
drate microheterogeneity 

Figure 1 attempts to outline the various factors which 
contribute to the microheterogeneity of complex car- 
bohydrates. 



Mend 
Sul 
specit 
carbo 
detec 
pared 
trans] 
mice 
andh 
andl 
speci 
trans 
struc 
ride* 
15). 
cleai 

. Get 
h 
witl 
Onl 
gen 
moi 



Tablk 1. 



REVIEW/ SYNTHASE 

Tissue and species survey Tot Gn-T* 



Gu-T activity (nmol/h per milligram) 



ailing 
U for 
trans- 
organ 
y of a 



f the 
lyco- 
i and 
f the 
:om- 
llt is 
very 
rates 
»n of 
aria- 
ither 
cures 



3hy- 

hich 
car- 





Core 3 


Core 4 


Core 2 


2/4 


l_.il Jll CuUWI I 


Enzyme source 


p3-Gn-T 


P6-Gn-T 


p6-Gn-T 


ratio 


p3-Gn-T 


Rat 












Colon 


19.7 


108 


135 


1.3 


17 


Stomach 










i 


Submaxillary gland 


0 


4.1 


A A 

4.4 


1.1 


0 


Small infPQtinp 


3 0 


JO.U 


TO . \J 




1 

1 


Liver microsomes 


1.0 


<0.6 


<0.6 




<0.4 


Pig 
















n 4 




J . o 


14 


Stomach 


0.8 


167 


334 


2.0 


y 


Submaxillary gland 


0 


0 


0 




0 


Dog 












Submaxillary glaud 


0 


17.8 


114 


6.4 


0 


Monkey 












Colon 


2.4 


4.7 


11.9 


2.5 




Stomach 


0.4 


9.5 


25.9 


2.7 




Human 












Colon 


5.5 


10.3 


24.0 


2.3 


0-9.6 


Serum 










0 


Sheep 












Stomach 


0.6 


16.9 


21.3 


1.3 




*Thc enzyme reactions are as follows. Core 3 £3-Gn-T (15, 16): UDP-GlcNAc + GalNAc-R -* 



GleNAcpi-3GalNAc.R + UDP. Core 4 |J6-Gn-T (15, 16): UDP-ClcNAc + GlcNAc01-3GalNAc-R -> 
GlcNAc|ll-3(GlcNAcpt-6)GalNAc-R + UDP. Core 2 p6-Gn-T (17, 18): UDP-GlcNAc + Galpl- 
3GalNAc-R Caipi-3<GlcNAc£l-6)Ga]NAc-R + UDP. Flotation p3-Gn-T (19, 20): UDP-GlcNAc + 
Gaipi-3(Rpi-6)GalNAc-R-^ GlcNAcpl-3Gal{il-3(R^l-6)GaJNAc-R + UDP. 



Mendelian populations (or species) 

Sufficient data is now available to indicate that 
species may differ in the nature of their complex 
carbohydrates. For example, Kobata and his colleagues 
detected species-specific differences when they com- 
pared the carbohydrate structures present on 7-glutamyl 
transpeptidase purified from the kidney and liver of rats, 
mice, and cows (2, 4, 8-12), on fibronectin from bovine 
and human plasma, and on a t -acid glycoprotein from rat 
and human plasma (13, 14). We have observed similar 
species-specific differences in the activities of glycosyl- 
transferases involved in the assembly of the core 
structures of the 0-glycosidically linked oligosaccha- 
rides found in mucin-type glycoproteins (Table 1; Ref. 
15). The functional significance of these findings is not 
clear. 

Genetic polymorphism within a species 

Individuals within a Mendelian population, and even 
within a subspecies, can differ in their genetic makeup. 
Only true clones obtained by asexual reproduction are 
genetically identical. The best example of genetic poly- 
morphism in man is due to complex carbohydrates, i.e. , 



the ABO and Lewis human blood group antigens. The 
genes responsible for these antigens code for a series of 
glycosyltransferases (A-dependent a3-GalNAc-trans- 
ferase, B-dependent ot3-Gal-transferase, H-dependent 
a2-fucosyltransferase, and Lewis-dependent ct4- 
fucosyltransf erase) . 

There are two major forces for the above type of 
genetic variability: (i) mutation and recombination due 
to sexual matings followed by natural selection and (if) 
genetic drift due to random or adaptively neutral loss of 
genes in sexual matings. It is interesting that not only are 
many apparently adaptively neutral genetic polymor- 
phisms preserved but, in fact, some decidedly harmful 
polymorphisms are also preserved, e.g., sickle cell 
anemia. One possible reason is the concept of balanced 
polymorphism due to hybrid vigour, i.e., that the 
heterozygote has a higher survival potential than either 
hornozygote. In the case of sickle cell anemia, the 
heterozygote survives malaria better than normal homo- 
zygotes. Natural selection ensures optimum survival of 
the species, not of the individual. 

The lesson to be learned is that the survival of certain 
molecules through evolution may be due to a relatively 
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minor and undetectable selective advantage. A large 
amount of ATP is required to synthesize a complex 
carbohydrate. This implies that the organism probably 
derives some advantage from evolutionary preservation 
of at least some of these large and complex structures. 

Differential gene expression within an individual 

The development of the fertilized egg into a complex 
organism (embryogenesis) requires organ development 
and differentiation. This process involves quantitative 
and qualitative differences in gene expression rates 
between different organs at any one time and in a 
particular organ at different times. Although the controls 
involved in eukaryotes arc not yet established, it is clear 
that the environment of a cell must play a role during 
differentiation by influencing which genes are turned off 
and which are turned on. 

There are several lines of evidence to suggest that com- 
plex carbohydrates on the cell surf acc are involved in the 
embryogenesis and differentiation processes. Hemato- 
poietic tissue involves the differentiation of pjuripotent 
stem cells into T and B lymphocytes, erythrocytes, 
granulocytes, platelets, etc. Marked changes have been 
observed in glycoprotein and glycolipid patterns during 
both erythropoiesis and granulocyte (myeloid cell) 
differentiation (21-27). For example, human foetal 
erythrocytes carry the blood group i antigen which 
is a linear oligosaccharide consisting of GalBl- 
4GlcNAcBI-3 repeating units, whereas most adults 
cany on their red cells the I antigen containing the 
branched Galp 1 -4GlcNAc0 l-3(Gal 3 1 -4GlcNAcG 1 -6)- 
Gal-structure. Narasimhan and colleagues (Ref. 28 and 
unpublished data) have observed that human B cell 
lineage lymphoma lines involved in immunoglobulin 
synthesis contain. GlcNAc-transferase HI (29) the en- 
zyme which inserts a bisecting GlcNAc in Bl-4 linkage 
to the S-linked Man of the core of W-g]ycosyl oligo- 
saccharides; resting T and B lymphocytes and T-linea°e 
acute lymphatic leukemia cells were essentially devoid 
of GlcNAc-transferase 111 activity. Changes in complex 
carbohydrate stmcture have also been observed as 
embryogenesis progresses (23, 24, 30-32). 

Changes in the expression of complex carbohydrate 
antigens have been detected during oncogenesis These 
tumour-associated antigens often represent rctrogenetic 
expression of carbohydrate synthesis to a particular 
stage of foetal development and are called oncofetal 
antigens. It is therefore not surprising that these antigens 
are not tumour-specific, since they are synthesized in 
normal foetal tissues (23, 24). 

Several studies have shown differential gene expres- 
sion between different organs for complex carbohydrate 
synthesis. Kobata and colleagues observed consistent 
differences between kidney and liver in their studies on 
7-glutamyl transpeptidase (2, 4, 8-12). The most 



dramatic difference was the presence of bisecting 
GlcNAc residues (linked Bl-4 to the B-linked Man of 
tf-glycosyl oligosaccharide cores) in the enzyme from 
rat, cow, and mouse kidney but the complete absence of 
this residue from rat and mouse liver enzyme. Rat 
hepatoma enzyme, however, showed the presence of 
bisecting GlcNAc residues. We have also observed 
organ-specific differences in our studies on the synthesis 
of mucin cores (Table 1; Ref. 15). For example, the 
activity of p3-GlcNAc-transferase responsible for syn- 
thesis of core type 3 (GIcNAcB l-3GalNAc) is high in 
the rat, pig, monkey, and human colon but is very low in 
the stomach and submaxillary gland. 

Endomembrane factors 

Even in a particular organ at a particular time a 
polypeptide core may acquire different types of oligo- 
saccharide; i.e., the individual molecules of a so-called 
pure glycoprotein preparation will have identical amino 
acid sequences but yet will differ from one another in 
oligosaccharide side chains (e.g., a r acid glycoprotein, 
hen ovalbumin, hen ovomucoid, transferrin, etc). Or, a 
single organ may make two glycoproteins with totally 
different oligosaccharides: e.g., the hen oviduct (6, 7 
33) makes ovalbumin with high mannose and bisected 
hybrid W-glycosyl oligosaccharides but ovomucoid, in 
the same organ, ends up with truncated (primarily 
GlcNAc-terminal antennae) bisected highly branched 
complex W-glycosyl oligosaccharides (Fig. 2). 

A relatively simple explanation for microhetero- 
geneity is that polypeptides travel through different 
endomembrane assembly lines, either in the same cell or 
in different cells. This explanation applies both to the 
situation in which different oligosaccharides appear at a 
particular amino acid position of a particular polypep- 
tide chain and to the situation in which a single organ 
makes different polypeptides with different oligosac- 
charides. This hypothesis requires a mechanism for 
sorting peptides to the different assembly lines. If all 
molecules made by a particular organ move through 
identical assembly lines, then factors operative at the 
endomembrane level must be responsible for micro- 
heterogeneity. The remainder of this review will deal 
with these endomembrane or "substrate-level" factors 



The endomembrane assembly line 

A great deal of information is now available on the 
structures of N- and O-glycosyl oligosaccharides (14, 
34, 35) and on the detailed enzymatic steps involved in 
their synthesis (35-40). Oligosaccharide synthesis oc- 
curs on a membranous assembly line. The polypeptide 
backbones of all glycoproteins, are synthesized on 
membrane-bound polyribosomes and all carbohydrate 
addition occurs on the lumenal side of the endomem- 
brane system. 
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Fig. 2. Examples of tf-glycosyl oligosaccharides (OS). High maimose OS are named according to the number of Man (M) 
residues, e.g., M 5 . Complex OS are named according to the sugars at the nonreducing termini, with the Manal-6 arm being 
named first (M, Man; Gn, GlcNAc; G, Gal; (Gn), bisecting GlcNAc). Hybrid OS are named as shown, using the numbering 
system in Fig, 6 to designate the arms. X can be H, GalJJl -4(3), or sialyla2-3(6)Ga[0 1-4(3). 



Figure 3, taken form the excellent review by Kornfeld 
and Kornfeld (35), outlines the basic steps in the 
assembly of biantennary N-glycosyl oligosaccharides. 
Synthesis starts in the rough endoplasmic reticulum with 
the transfer of a large oligosaccharide from dolichol 
pyrophosphate oligosaccharide to an asparagine residue 
in the polypeptide backbone (step i, Fig. 3). This is 



followed by oligosaccharide processing within both the 
rough endoplasmic reticulum (steps 2 to 4, Fig. 3) and 
Golgi apparatus (steps 5 and 7, Fig. 3) as the glycopro- 
tein moves through the endomembrane assembly line. 

Our laboratory has been concerned primarily with the 
mechanisms which determine the branching patterns of 
complex and hybrid W-glycosyl oligosaccharides (Fig. 
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FIG. 3. Biosynthesis of JV-glycosyl nonbisected biantennary complex oligosaccharide (from Ref. 35). Processing enzymes: 

(1) transfer of Glc 3 Mao g GleNAc 1 > from dolichol pyrophosphate oligosaccharide to peptide nascendy bound to ribosome; 

(2) a-glucosidase I; (3) a-glucosidasc D; (4) rough endoplasmic reticulum (RRR) a2-mannosidase; (5) a-mannosidase f; 
(6) GlcNAc-transferasc I; (7) a-mannosidase 11; (8) GlcNAc-transferase II; (9) a6-fucosyltransferase; (10) Gal-transfera.se; 
(11) sialyltransfcrasc; (T) AT-acetylglucosaminyl phosphotransferase, which acts on hydrolases destined for the lysosomes; 
(II) A^acetylglucosamine-l-phosphodiester a-jV-acetylglucosaniinidase, which exposes the Man-6-phosphate signal required 
formovementof hydrolases to the Iysosome. Transport of nucleotide sugars into the lumen is indicated. ■ , GlcNAc; O, Man; A, 
Glc; A, Fuc; #, Gal; ♦ , sialic acid. 



2) and with the synthesis of the four major core types of 
0-glycosyl oligosaccharides (Fig. 4). In particular, as 
mentioned in the previous section, we have been inter- 
ested in the "substrate-level" controls which operate 
within the endomembrane system to produce the large 
variety of oligosaccharides that occur on mammalian 
and avian glycoproteins. These steps occur within the 
Golgi apparatus. 

The Golgi apparatus is now believed to be subdivided 
into subcomponents with different functions (Fig. 3; 
Refs. 35, 41, and 42). The steps involved in assembly of 



the two antennae of a typical biantennary complex N- 
glycosyl oligosaccharide probably occur in the medial 
and trans Golgi compartments (steps 6 and 8-1 1, Fig. 
3). Although Fig. 3 transmits a great deal of information 
in a clear and concise manner, it is quite incomplete 
since it lacks the pathways for the synthesis of A^gly- 
cosyl oligosaccharides of the hybrid type and of com- 
plex types larger than biantennary. An expansion of the 
synthetic scheme which includes the latter structures is 
shown in Fig, 5. It is necessary to use a shorthand 
notation to fit all the pathways into a single page and the 
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Elongation reactions 
and addition of blood group and antigenic determinants or terminal sugars 

Fig. 4. Biosynthesis of O-glycosyl oligosaccharides. Four major core classes are shown: core 1 Gal|31-3GaINAc, core 2 
Gaipi-3(GlcNAc(M-6)GalNAc, core 3 GlcNAcpl-3GalNAc, and core 4 GlcNAc(31-3(GlcNAcpi-6)GalNAc. GN, GalNAc; 
Go, GlcNAc; G, Gal; S, sialic acid; F, Fuc. All steps except u have been proven by in vitro experiments (Refs. 15, 16, 19, 20, 37 
and 40; I. Brockhausen, A. Koendcrrnan, K. L. Matta, D. H. Van den Eijnden, and H. Schachter, in preparation) 



visual impact is not as clear as the diagrams used in Fig. 
3. Even Fig. 5 is not complete since it omits GlcNAc- 
transferases V, VI, and VII (Fig. 6). 

Control of glycoprotein synthesis at the 
substrate level 

Tabic 2 lists the various mechanisms which control 
the assembly of protein-bound oligosaccharide at the 
substrate level. 

Competition for a common substrate 

At many points in the synthetic schemes for both N- 
and O-glycosyl oligosaccharides (Figs. 4 and 5), a 
particular substrate can be acted on by more than one 
enzyme. Although the schemes shown in Figs. 4 and 5 
are composite schemes based on in vitro assays carried 



out in different tissues, it is assumed that they approxi- 
mate the in vivo situation and that competition for a 
common substrate will also occur in vivo. 

Several important "crossroads" can be pointed out 
(Fig, 5), Gn(I)M 5 can be acted on by (i) GlcNAc- 
transferase III to form bisected biantennary five-Man 
hybrids (43), (ii) GlcNAc-transf erase IV to form non- 
bisected triantennary five-Man hybrids (43), (Hi) a6- 
fucosyltransferase (44), or (iv) a-mannosidase II to 
form MGn, or (v) can move from the medial to the trans 
Golgi to form nonbisected biantennary five-Man hy- 
brids. Once the bisecting GlcNAc has been inserted by 
GlcNAc-transferase ID, a-mannosidase II can no longer 
act (45) and the pathway is fixed into the production of 
hybrid structures (Fig. 5). The rules permit the forma- 
tion of five-Man hybrid structures with a core a6-fucose 
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Fig. 5. Biosynthesis of /V-glycosyl oligosaccharides (OS) showing the conversion of M 5 into the following. (A) Five-Man 
nonbisected biantennary hybrid OS; (B) three-Man nonbisected biantennary hybrid OS (or incomplete biantennary complex OS); 
(C) nonbisected biantennary complex OS; (D) five^Man bisected triantennary hybrid OS; (E) three-Man bisected triantennary 
hybrid OS (or incomplete bisected triantennary complex OS); (F) bisected triantennary complex OS; (G) five-Man nonbisected 
triantennary hybrid OS; (H) three-Man nonbisected triantennary hybrid OS (or incomplete triantennary complex OS); (I) 
nonbisected triantennary complex; (J) five-Man bisected biantennary hybrid OS; (K) three-Man bisected biantennary hybrid OS 
(or incomplete bisected biantennary complex OS); (L) bisected biantennary complex. M, Man; Gn, GlcNAc; G, Gal; S, sialic 
acid; (Gn), bisecting GlcNAc; F, Fuc; F-T, fucosyltransferase; Gn-T, GlcNAc-transferase; S T, sialyltransferase; G-T 
Gal-transferasc. 
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1 . Competition for a common substrate 



2. Substrate specificity of glycosyltransferases 
(0 GO - NO GO 



(u) NO GO-GO 
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(«f) Recognition site distinct from catalytic site 
(i'v) Branch specificity 
(v) Role of polypeptide 

3. Substrate availability 

(/) Subcellular companments as assembly lines 
(ii) Transport of nucleotide sugars across membranes 
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a6 



"bc3 



GlcNAc (II) 

GlcNAc (VII) Man 
GlcNAc (V) 

GlcNAc (III) — M an-R 

GlcNAc (I) 

GlcNAc (IV) ^— • Man 

GlcNAc (VI) 

Fig. 6. A hypothetical structure showing all the antennary 
GlcNAc residues described to date. GlcNAc linked 1-3 to 
either arm of the core, 1-2 to the 0-linked Man, or in 
a-linkages are theoretically possible, but have not yet been 
described. GlcNAc residues have been numbered arbitarily as 
indicated. This numbering system is used to name hybrid 
oligosaccharides (Fig. 2) and GlcNAc- transferases. 

residue, but such structures have not as yet been 
reported. 

MGo can be acted on by GlcNAc-tran.sfera.ses II, ID, 
or IV, or by ct6-fucosyItransferase, or can enter the trans 
Golgi. The GlcNAc -transferase II catalyzed conversion 
of MGn to GnGn is probably the "main-line" pathway 



(step 8, Fig. 3). GnGn is the main entry point into all 
complex AT-glycosy] oligosaccharides. GnGn can be 
acted on by (i) GlcNAc-transferase TTT to form bisected 
biantennary complex structures, (ii) either GlcNAc- 
transferase IV or V to form nonbisected triantennary 
complex structures, or (Hi) a6-fucosyltransferase; or 
(iv) can enter the trans Golgi to be acted on by 
04-Gal-transf erase (Fig. 5). 

The pathway for O-glycosyl oligosaccharide synthe- 
sis shows similar "crossroads" (Fig. 4). For example, 
GalNAc-Ser(Thr)-R may be converted to core type 1 
(path b, Fig, 4), . core type 3 (path c, Fig. 4), or 
sialyla2-6GalNAc-Ser(Thr)-R (path a, Fig. 4). Core 
type 1 (Galpl-3GalNAc-R) may be acted on by several 
different enzymes (paths/-/, Fig. 4). Various other 
crossroads are evident in Figs. 4 and 5. 

The existence of these competition points means that 
many different oligosaccharides can be made in a single 
assembly line depending on the relative activities of com- 
peting enzymes and may explain, at least in part, the 
microheterogeneity of oligosaccharides at a single 
amino acid site. In addition, tissues and species prob- 
ably differ in their complement of competing enzymes, 
resulting in the differences in structure that have been 
observed. For example, ovine submaxillary glands have 
a higher ratio of CMP-sialic acid:GalNAc-R a6-sialyl- 
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Tabu-: 3. Substrate specificity: GO - NO GO* 

A Q 



Ref. 



— Mu6 
GnpZMo/ 



a-Mase II 
Gn-T n and IV 
«6-Fuc-T 



45 
46 
44 
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— Mot6 
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— M — 

/ t 
G(i4Gnp2M«3 

/ 



a-Mase n 

Gn-T II, III, and IV 
Gn-T Vt 
a6-Fuc-TT 



45 
29, 46 
47 
44 



r G34(3)Gn- 
a3(4) 
Fu 



fuc 



GalNAc — Ser(Tlir) 



a2,6 
S 



Gp4Gnp3 



Gp4Gn — 



Blood group enzymes: 
A-dependent a3-GalNAc-T to Gal 
B-dependent a3-Gal-T to Gal 
H-dependenl a2-Fuc-T to Gal 

[33-Gal-T to GalNAc 



Blood group I-dcpendent 
36-Gn-T to Gal 



48 
49 



50 



*M, mannosci Gn, N-accrylglucosarnine; O, gJiiactosc: S, sialic acid; Fuc, fucose; Gn-T, /V-acetyWu- 
cosaminyltransferasc. The residue in bold print is X, the NO GO signal. The airows indicate the iite of 
action of the enzymes listed under a. 

tTbese enzymes have only been tested with substrates in which there is a Gal residue on both antennae. 



transferase (path a, Fig. 4) to UDP-Gal:Ga1NAc-R 
03-Gal-transferase (path b % Fig. 4) than do porcine 
submaxillar)' glands; the a6-sialyl residue prevents 
p3-Gal-transferase action (path s, Fig. 4) and, there- 
fore, ovine submaxillary mucin contains primarily 
sialyla2-6GalNAc chains whereas porcine submaxil- 
lary mucin contains mainly larger chains. The interest- 
ing point is that these two mucins differ quantitatively 
rather than qualitatively in their oligosaccharide com- 
positions. Table 1 lists other tissue and species differ- 
ences for several of the mucin glycosyltransferases. 



Substrate specificity 
GO -NO GO 

One of the most important directing forces in oligo- 
saccharide biosynthesis are the constraints imposed by 
the specific substrate requirements of many of the 
glycosyltransferases. Some of these properties will now 
be reviewed. The first example has been named the GO - 
NO GO effect. This simply means that the insertion of a 
single critical sugar residue (X) into an oligosaccharide 
will convert it from a substrate to a nonsubstrate. Table 3 
lists some of the most important NO GO residues. 
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Fig. 7. Reactions catalyzed by five enzymes requiring the prior action of GlcNAc-trunsferasc I which inserts a GlcNAc in 
01-2 linkage into the Manal-3 arm. (a) Mannosidase II; (b) GlcNAc -transferase II; (c) GlcNAc-transferasc III; (d) 
GicNAc-transferase IV; (e) <x6-fucosyltransfenise. M, Man; Gn, GlcNAc; Gn-T, GlcNAc transferase; Fuc, fucose; a6Fuc-T, 
a6-fucosyltrahsferase. 



igo- 

I by The first two examples refer to a group of enzymes 

the acting on N-glycosyl oligosaccharides (illustrated in 

low Rg- 7 ) which have in common the following properties 

0 - ; (38, 51): (/) they require the presence of the GlcNAc 0 1 - 

0 f a | 2Mancd-3Manpl-4 grouping, (ii) activity is blocked if 

ride l * e substrate contains a bisecting GlcNAc (Fig. 7), and 

le3 \ ("0 activity is blocked if the GlcNAcpi-2Manal- 
, j 3Manpl-4 antenna is covered at its nonrcducing end by 



a Gaipi-4- residue. We explain these data by assuming 
that these, enzymes all require the GlcNAcpl-2Manai- 
3Man|31-4 grouping as a recognition site distinct from 
the catalytic site and that this recognition site is blocked 
either by a bisecting GlcNAc or by a Gal residue. The 
structures shown in Figs. 8 and 9 are based on 
three-dimensional studies by nuclear magnetic reso- 
nance spectrometry (34) and illustrate the steric hin- 



174 



BfOCHEM. CELL BIOL. VOL. 64, 1986 




Bg. 8. Computer-drawn structure for MG(Gn), to = 
+ 180°, based on NMR data of Carver and Brisson (34). The 
sites of action of GIcNAc-transferases II and IV (Gn-T TT and 
IV) and of a6~fucosyltransfcrase (Fuc-T) are indicated. M, 
Man; Gn, GlcNAc; (Gn), bisecting GlcNAc; G, Gal. 




Fig. 9. Computer-drawn structure for Gn(I,III)M 5l based 
on NMR of Carver and Brisson (34). The sites of action of 
ot-mannosidase II (aMase II) arc indicated. Abbreviations are 
as for Fig. 8. 



drance of the recognition site by either the bisecting 
GlcNAc or Gal residues. Figure 8 shows that the sites of 
action of GlcN Ac-transferases II and IV and of a6-fuco- 
syltransferase are accessible and well removed from the 
sterically blocked GlcNAcpi-2Majatil-3ManpJ-4 site; 
Fig. 9 shows a similar situation for a-mannosidase IF. 

Other NO GO residues are the following, (i) A fucose 
linked a 1-3 or a I -4 to a penultimate GlcNAc residue 
will prevent the action of blood group A-dependent 
a3-GalNAc-transferase, blood group B-dependent a3- 
Gal-transferase, and blood group H-dependcnt <*2-fuco- 
syltransferase. (if) As mentioned in the previous sec- 



tion, a sialyl residue linked a2-6 to GalNAc prevents the 
action of the mucin core 1 p3-Gal-transferase. (Hi) A 
Galpl-4 residue on the GlcNAcp 1 -3Galpl-4- terminus 
prevents the action of blood group T P6-GlcNAc-trans- 
ferase. These examples lend support to the concept of 
carbohydrate recognition sites remote from the catalytic 
sites. 

NO GO -GO 

The NO GO - GO effect is the reverse phenomenon: 
i.e., the insertion of a single critical sugar residue (Y) 
into an oligosaccharide will convert it from a nonsub- 
stratc to a substrate. Two typical examples are shown in 
Table 4. The first example is at an important decision 
point in the synthesis of Mglycosyl oligosaccharides. If 
GlcNAc-transferase I does not insert a GlcNAc residue 
on the Mailed -3 arm (step 6, Fig. 3), synthesis of hybrid 
and complex N-glycosyi oligosaccharides cannot occur. 
This GlcNAc residue is a GO signal for all enzymes 
shown in Fig. 7 and provides a recognition site for them, 
as explained in the previous section. The second 
example in Table 4 has been called the "3-before-6" rule 
and applies to three enzymatic activities which are 
probably due to the action of a single p6-GIcNAc- 
transferase (Ref. 15; I. Brockhausen and H. Schachter, 
unpublished data). The rule states that the 36-GlcNAc- 
transferase(s) responsible for synthesis of mucin core 2 
(path d, Fig. 4) and core 4 (path e, Fig. 4) and for the 
branch point of the blood group I determinant (paths o 
and p, Fig. 4) requires substitution of C-3 of the target 
sugar residue before C-6 can be substituted. Put another 
way, core 1 synthesis precedes core 2 synthesis, and 
core 3 synthesis precedes core 4 synthesis. 

Since Gal residues appear to be needed for i and I 
antigenic activities, it is not strictly correct to state 
that blood group i synthesis precedes blood group 
I synthesis. However, the (33-GlcNAc-transferase must 
act before the p6-GlcNAc-transferase. For example, pig 
stomach mucosa] extracts can transfer GlcNAc in pi -3 
linkage to the terminal Gal of Galpl-3(GlcNAcpl-6)- 
GalNAc-Rbutnotto GlcNAcpl-6Galpl-3(GlcNAcpl- 
6)GakNAc-R (19). Further, we have detected both 
the GlcNAcpl-3Gal— and GlcNAcp l-3(GlcNAcpl- 
6)-Gal — structures but not the GlcNAcpi-6Gal struc- 
ture as enzyme products (Refs. 19 and 20; 1. Brock- 
hausen and H. Schachter, unpublished data). 

The above rules, like all the other rules stated in this 
review, may have exceptions. For example, Yamashita 
et al. (7) reported the presence of the following structure 
in hen ovomucoid: 

GlcNAc? I— 2Manal— 6 

GlcNAc (31 — 4Man|3 1 — 4— R 
Manal — 3 
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Ref. 



\ 

— Ma6 

\ 

GnB2Ma3 
/ 

G03GalNAc— Ser(Thx) 
or \ 

Gnp3GalNAc— Ser(Thi) 
\ 



/ 
Gnp3 



G(*4R 



a-Mase II 
Gn-Tn,m, and IV 
Gn-TV 
a6-Fuc-T 



Mucin core 2 and (or) 4 
P6-Gn-T to GalNAc 



Blood group I-dependent 
06-Gn-T to Gal 



45 
29,46 
47 
44 



17 
18 

15, 16 



50, 52,t 



*M, Man; Gn. CJlcNAc; G, Ga1; Gn-T, GlcNAc -transferase. The residue in bold print is Y, the GO signal. The arrows 
indicate the site of action of the enzymes listed under a. 

tl. Brockhausen, A. Kocnderman, K.. L. MatUi, D. H. Van den Erjnden, and H. Schachtcr, in preparation. 



This structure does not fit the synthetic rules because 
it implies that both GlcNAc-transf erases II and III have 
acted without the presence of the GlcNAc(31-2Manal-3- 
grouping. The above compound represented less than 
4.6% of the total carbohydrate and may have been 
formed by glycosidase action. 

Another exception to the rules is the report of 
GlcNAc0l-6GalNAc in human K-casein (53). We 
have been unable to detect the synthesis of this disac- 
charide in vitro in our systems. For example, GalNAc- 
mucin was incubated with UDP-GlcNAc and enzyme 
from either pig colon or rat colon, and the product was 
released by alkaline borohydride and purified by gel fil- 
tration and high performance liquid chromatography; 
analysis by high resolution nuclear magnetic reso- 
nance spectrometry and methylation analysis revealed 
GlcNAcpl-3GalNAcOH to be the only disaccharide 
product (15). Perhaps human tissues have an unusual 
P6-GlcNAc-transferase or the residue on C-3 of GalNAc 
was incorporated and subsequently lost. What is reas- 
suring is that die great majority of structures isolated 
from many different glycoproteins fit the synthetic rules 
oudined above. 



Recognition sites distinct from catalytic sites 
Table 5 gives examples which support the concept of 
recognition sites distinct from catalytic sites. We have 
already discussed the first example in which GlcNAcpi- 
2Manal-3Man(31-4- serves as a recognition site for the 
enzymes listed in Fig. 7. The second example is the 
requirement shown by GlcNAc-transferase I for a 
Manal-3Man(3l-4GlcNAc- moiety (51). The third 
example was reported by Joziasse et al. (54) for bovine 
colostrum CMP-sialic acid:Gal(31-4GlcNAc-R a2-6- 
sialyltransferase; they noted a partial requirement for an 
intact GlcNAc ring in the Manp 1 -4GlcNAc sequence of 
the N-glycosyl oligosaccharide core and postulated that 
the siaiyltransferase required this region for optimum 
positioning on the substrate. 

Branch specificity 

Van den Eijnden and co-workers have coined the term 
branch specificity to describe the preferential action of a 
glycpsyltransferase on a particular arm of a branched 
oligosaccharide (Table 6). For example, elongation of 
biantennary complex rV-glycosyl oligosaccharides by 
both {34-Gal-transferase and a2-6-sialyltransferase oc- 
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Table 5. Substrate specificity: recognition sites distinct from catalytic sites 



Recognition site 



Enzymes 



Ref. 



R' 
\ 



a6 

\ 



a-Mase U 

GlcNAc-T II, m, and IV 
GlcNAc-T V 



Manp4GlcNAc — R <*<>-Fuc-T 



45 
29,46 
47 
44 



GlcNAc02Man 




R2 

\ 



a6 

\ 



GlcNAc-T 1 

a2-6-Sia!yl-T to CalfMGlcNAc- 



51 

54 



ManP4G)cNAc— R 




Table 6. Substrate specificity: branch specificity 



Branched 
oligosaccharide 



Rl— M«6 

\ 



M£4 — R 



R2— Ma3 



Rl— Gnp6 



\ 



R2— Gn|33 



Gal — R 



Enzyme 


Preference 


Ref. 


P4-Gal-T 


Ma3 arm 


55 






56 


ot6-Sialyl-T 


Ma3 arm 


57 


a3-Gal-T 


Ma6 arm 


58 


a3-Gal-T 


Gn06 arm 


58 


04-Cal-T 


Gap6 arm 


59 



curs preferentially on the Mancd-3 arm. This may be 
due, in part, to the fact that the Mana 1-6 arm can exist in 
two states in equilibrium with each other; one of these 
states may not be as readily accessible as the other (Ref. 
34; Figs. 10 and 11). However, the fact that c*3-Gal- 
transferase from calf thymus prefers the Manal-6 arm 
(58) makes this argument somewhat suspect. The 
indications are that branch specificities found in vitro 
reflect structural variations that occur in vivo. 
Role of polypeptide 

The in vitro glycosyltransferase studies described 
above were carried out either with well-characterized 
low molecular weight acceptors or relatively poorly 
characterized glycoprotein acceptors. It is as yet not 
possible to obtain a pure large polypeptide with a 
homogeneous oligosaccharide at a single amino acid 




-Gn01-2 



-Ma1-3 



Fig. 10. Computer-drawn structure for GGn y w = -60 6 , 
based on NMR data of Carver and Brisson (34) . Abbreviations 
arc as for Fig. 8. 

position. Thus, the role of the polypeptide in glycosyl- 
transferase action has not been properly studied. As 
noted above, however, the rules outlined by in vitro 
transferase studies are usually supported by the struc- 
tures isolated from tissues. Nevertheless, there are 
strong indications that the polypeptide backbone often 
plays an important modifying role during oligosaccha- 
ride assembly. 

For example, consider the situation for hen oval- 
bumin and hen ovomucoid (14). Both glycoproteins are 
made in the same organ and yet ovalbumin contains 
mainly high mannose and bisected hybrid structures 
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Fig. 1 1 . Computer-drawn structure for GGn, o> = + 180°, 
based on NMR data of Carver and Brisson (34). Abbreviations 
are as for Fig. 8. 

whereas ovomucoid is very rich in bisected highly 
branched truncated (mainly GlcNAc terminal) complex 
structures. Both glycoproteins are rich in bisected 
structures and indeed we have found that hen oviduct is a 
rich source of GlcNAc-transferase 111 (29), whereas rat 
and pig liver lack this enzyme. But why is there a 
difference between the two proteins? One explanation is 
that the two proteins pass through separate and different 
assembly lines. Figure 12 suggests another possible 
explanation. The polypeptide backbone may interact 
with oligosaccharide in such a way as to make oval- 
bumin a good substrate and ovomucoid a poor substrate 
for GlcNAc-transferase 111 at the five-mannose stage 
whereas ovomucoid becomes a good substrate for the 
transferase at the three-rnannose stage. 

The reason for the undergalactosylation of ovomu- 
coid and various other glycoproteins is not known. It is 
interesting that Narasirnhan et al. (56) found that not only 
does a Gal residue on the Manal-3 arm inhibit GlcNAc- 
transferase III, but (J4-Gal-transferase is inhibited by a 
bisecting GlcNAc; this is perhaps not surprising on 
stereochemical grounds (Fig. 8). Thus prior addition of 
a bisecting GlcNAc may lead to undergalactosylation of 
the GlcNAcpl-2Manal-3- and GlcNAc|Jl-2Manal-6- 
antennae relative to the other antennae; the structures 
reported for ovomucoid tend to support this hypothesis 
(14). 

Sawidou et al. (60) have provided evidence for the 
role of polypeptide-oligosaccharide interaction in the 
synthetic process. They showed that a human IgGlk 
monoclonal protein (Horn) had oligosaccharide moieties 
not only at the usual position (Asn-297 of the H chain) 
but also at Asn-107 on the L chain. All oligosaccharides 
were of the complex biantennary N-glycosyl type with 
core fucose residues and, therefore, processing at both 



sites had entered the Golgi phase (Fig. 3). At this point, 
the H and L chains are already covalently associated and 
therefore both glycosylation sites must pass through 
the same endomembrane assembly line and encounter 
the same array of processing enzymes. However, the 
Asn-107 site was occupied entirely by mono- and di- 
sialyl bisected biantennary complex structures, whereas 
the Asn-297 site had mainly (73%) nonbisected sialyl- 
ated biantennary structures and 27% bisected neutral 
biantennary structures. Since galactosylation and sialyl- 
ation occur after the action of GlcNAc-transferase 111 
(Fig. 5), it cannot be argued that the oligosaccharide at 
Asn-297 is buried in the protein and therefore not 
accessible to GlcNAc-transferase 111. The clone of cells 
making this IgG was obviously rich in GlcNAc-trans- 
fcrase III, since the Asn-107 site is fully bisected. Why 
is the Asn-297 site so poorly bisected? 

The explanation hinges on the assumption that 
GlcNAc-transferase 111 cannot act on the substrate 
conformation in which the torsional angle o> about the 
C-5-C-6 bond of the Manotl-6 linkage equals -60° (the 
two antennae form a Y, Fig. 10). The substrate for 
GlcNAc-transferase III is the conformation in which the 
angle u> is + 180° (the Manal-6 arm is bent backwards 
towards the core, Fig. 1 1). The basis for this assumption 
(61) is that, whereas the nonbisected biantennary oligo- 
saccharide exists in an equilibrium between two thermo- 
dynamically favourable conformations (o) = —60 or 
+ 180°, Figs. 10 and 11), the bisected bianLennary 
structure is found exclusively in the orientation corre- 
sponding to <o - +180° (Fig. 8). It was suggested (61) 
that the oligosaccharide at Asn- 107 exists in equilibrium 
between both conformations and is therefore accessible 
to GlcNAc-transferase III, whereas most of the oligosac- 
charide at Asn-297 is stabilized by interaction with the 
polypeptide in the w = -60° conformation and cannot 
serve as a substrate for GlcNAc-transferase 111. The 
reason for the 27% bisected structures at Asn-297 is not 
clear. Figure 13 illustrates the hypothesis. In support of 
this theory, elucidation of the three-dimensional struc- 
ture of the F c fragment from a human immunoglobulin, 
determined by X-ray diffraction studies (62), showed 
that the nonbisected biantennary complex oligosaccha- 
ride at Asn-297 was indeed stabilized in the form with 
to = -60° through interactions between the protein and 
the terminal Gal residue of the Manotl-6 arm. 

Substrate availability and other factors 

It has already been pointed out that the endomem- 
brane system is highly compartmentalized (Figs. 3 and 
5). The analogy to an assembly line is obvious. The 
transferases and glycosidascs which shape the oligosac- 
charide structure are arranged along the endomembrane 
in the order in which they are needed. This arrangement 
minimizes the need for the substrate to seek its proper 
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enzyme and also exercises a certain amount of control 
over the assembly process. 

For example, the fact that the GlcNAc-transf erases 
which control branching (Fig. 6) are in the medial Golgi 
compartment, whereas the terminal glycosyltransferases 
(Gal- and sialyl-transferases) are in the trans Golgi (Fig. 
i 5), means that branching is determined before the 
j antennae are completed. This control must be important 
since the cell uses yet another mechanism to ensure that 
it is carried out. Once the glycoprotein enters the trans 
Golgi, it is galactosylated (Fig. 5) and this immediately 
prevents further action of GlcNAc-transferases II, III, 
IV, and V and of a6-fucosyltransferase. Thus, even if 
there are small amounts of these medial Golgi enzymes 
in the trans Golgi, they are quickly prevented from 
acting. The reason for this stringent control is not 
known. 

Several laboratories have reported transport proteins 
within the membranes of the endomcmbrane system 
which allow the movement of nucleotide sugars from the 
cytoplasm into the lumenal spaces. These transport 
mechanisms are indicated in Fig. 3 and obviously play a 
major role in controlling glycoprotein synthesis. Defects 
in these transport proteins have been shown to lead to the 
disruption of glycoprotein and glycolipid synthesis. 
However, a discussion of this important topic is beyond 
the scope of this review. 

Finally, a variety of other substrate-level factors may 
exert control on the synthetic process. (0 The pH of the 
lumenal compartment may affect transferase activity, 
(ii) The availability of cations is usually needed for 
transferase action. (Hi) The presence of pyrophos- 
phatases in the Golgi allows conversion of the nucleo- 
tide diphosphate formed after glycosyltransferase action 
into nucleotide monophosphate. The nucleotide mono- 
phosphate is exported out of the Golgi apparatus in a 
counter-transport system with nucleotide sugars, (iv) 
Several laboratories have reported on the importance of 
phospholipids in glycosyltransferase activity, (v) Post- 
translational modifications of glycosyltransferases, 
e.g., phosphorylation, may play a role in modifying 
their activity. These factors will not be discussed in this 
review. 

Conclusions 

It is apparent that many different factors enter into the 
construction of a complex carbohydrate. It is, therefore, 
not surprising that a large variety uf structures is 
synthesized by the cell. We arc beginning to understand 
some of the biosynthetic machinery involved. However, 
it has not been ruled out that much of the microhetcro- 
geneity of these structures is indeed a random process 
with little functional significance. The arguments pre- 
sented in this review indicate that a great deal of control 



is exerted and raise the hope that as we understand the 
process better the functional aspects will become more 
evident. 

What is needed are new approaches to the problem. 
Figure 1 emphasizes the genetic aspects and suggests 
that one approach must be to obtain genetic probes for 
the enzyme machinery involved in biosynthesis. Indeed, 
several laboratories are engaged in this pursuit and a few 
initial successes have been reported. Perhaps within the 
next few years, a battery of genetic pTobes will become 
available that will allow the fine dissection of the 
biosynthetic pathways outlined in Figs. 4 and 5. 

Another area of future research must be the three- 
dimensional aspects of protein-oligosaccharide interac- 
tion, particularly the role of branching. Such studies are 
important not only for model systems such as lectin- 
oligosaccharide interactions (63), but also for the proper 
understanding of how the biosynthetic machinery oper- 
ates, of how complex carbohydrates at the cell surface 
control the interactions of a cell with its environment, 
and in fact, of all functional aspects of complex 
carbohydrates. 

In conclusion, although tremendous advances have 
been made in recent years in the structure and biosynthe- 
sis of complex carbohydrates, we are only beginning to 
attack the problem of function. 
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Glycosylation of Antibody Molecules: 
Structural and Functional Significance 

Roy Jefferis, John Lund 

Department of Immunology, The Medical School, University of Birmingham, 
Birmingham, UK 



The IgG antibody molecule is a structural paradigm for members of the 
immunoglobulin superfamily. A majority of these molecules are glycoproteins 
and collectively they account for ~70% of molecules currently undergoing 
development for possible in vivo therapeutic application. Whilst the oligosacch- 
aride moiety of the IgG molecule accounts for only 2-3% of its mass, it has 
been shown to be essential for optimal activation of effector mechanisms 
leading to the clearance and destruction of pathogens. This suggests that 
glycosylation fidelity is an essential requirement of the IgG molecule and that 
it may be so for other recombinant glycoproteins produced by in vivo or in vitro 
techniques. Numerous studies have shown that whilst the defining biological 
activity of a glycoprotein molecule may not be dependent on its glycosylation, 
other essential characteristics are altered in aglycosylated forms, e.g. stability, 
pharmokinetics, antigenicity [1-3]. 

The IgG molecule is composed of three globular protein moieties, two 
Fabs and an Fc, that are linked through a flexible 'hinge' region that allows 
freedom for multiple spatial orientations of the globular moieties with respect 
to each other. A flexible upper hinge region provides mobility for the Fab 
regions and allows the paratope of each to bind its complementary epitope. 
A flexible lower hinge region similarly allows Fc mobility and accessibility 
within antigen/antibody complexes to engage one of a variety of effector 
activating ligands, e.g. Fey receptors, the CI component of complement. A 
core hinge section is rich in proline and cystine residues, that form inter-heavy 
chain disulphide bridges, and has a rigid secondary structure. 

Studies attempting to correlate physicochemical parameters with function 
were interpreted to suggest that the segmental flexibility of the hinge region 
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Fig. J. The core carbohydrate moiety of the complex form of oligosaccharides is repre- 
sented by the sugar residues in open type. The possible outer arm residues are bracketed. 
All possible combinations are observed. SA = Sialic acid; G = galactose; GN = N-acetylgluco- 
samine; M = mannose; F = fucose. N-linked attachment of oligosaccharide occurs on the 
amide side chain of the Asn-x-Ser/Thr sequon (x^Pro); the Ser/Thr residue forms hydrogen 
bond(s) with the amide group in order to activate it for attachment to the primary N- 
acetylglucosamine residue of the dolichol intermediate, by oligosaccharyltransferase. 



was directly related to the ability of an IgG molecule to activate complement; 
rather than indirectly by allowing access to interaction sites in the C H 2 
and/or C H 3 domains for effector ligands [4]. The validity of these conclusions 
has recently been re-evaluated by the application of protein engineering tech- 
niques in an attempt to introduce rational structural changes predicted to 
affect biological activity. The results of these studies demonstrate the necessity 
for Fc glycosylation and that protein/oligosaccharide interactions determine 
the generation of a structure that is permissive of Fc-ligand recognition and 
activation, while failing to confirm a primary role for the hinge region. Our 
studies suggest that whilst the oligosaccharide moiety may not contribute 
directly to ligand binding, except for mannan-binding protein, it does exert a 
subtle influence on protein tertiary and quaternary structure that is essential to 
'wild type' activity. Consequently, Fc-ligand recognition, and hence biological 
activity, may be modulated by judicious replacement of amino acid residues 
that contribute to non-covalent protein/oligosaccharide interactions. 



Antibody Glycosylation 

Human antibody molecules of the IgG class have N-linked oligosaccharide 
attached at the amide side chain of Asn297 on the 0-4 bend of the inner (Fx) 
face of the C H 2 domain of the Fc region [5]. The oligosaccharide moiety is 
of the complex biantennary type having a hexasaccharide 'core' structure 
(GlcNAc2Man3GlcNAc) and variable outer arm 'non-core' sugar residues, 
such as fucose, bisecting N-acetylglucosamine, galactose and sialic acid (fig. 1). 
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Thus, a total of 36 structurally unique oligosaccharide chains may be attached 
at each Asn297 residue. It is anticipated that glycosylation can be asymmetric 
so that an individual IgG molecule may have different oligosaccharide chains 
attached at each of the Asn297 residues within the Fc region such that whilst 
the heavy chain synthesised within a single antibody-secreting cell may be 
homogeneous in its amino acid sequence glycosylation can result in the produc- 
tion of (36 x 36)/2 = 648 structurally unique IgG molecules or glycoforms; NB: 
the total number of combinations is divided by two because of the two- 
fold symmetry of the molecule. Analysis of monoclonal and polyclonal IgG 
demonstrates the presence of all the predicted oligosaccharide species, however, 
disialylated oligosaccharides may be absent or present at a very low level [6]. 
With the additional possibility of the presence of complex N-linked oligosac- 
charide in the Fab region, it is apparent that glycosylation is a post-translational 
modification that can introduce a very significant structural and, possibly, 
functional heterogeneity into the IgG molecule. The presence of additional 
glycosylation sites within the heavy chains of the other Ig isotypes means that 
the possible number of glycoforms may be orders of magnitude higher [7, 8]. 

The Fc glycosylation site is a conserved feature for all mammalian IgGs 
investigated and glycosylation occurs at a homologous position in human 
IgM, IgD and IgE, molecules, but not in IgA. Human IgM, IgA, IgE and 
IgD molecules bear additional N-linked oligosaccharide moieties attached to 
the constant domains of the heavy chains and IgA subclass 1 (IgAl) and IgD 
proteins also bear multiple 0-linked sugars in their extended hinge regions, 
attached to hydroxyl groups of serine and threonine residues. It has been 
estimated that ~ 30% of polyclonal IgG molecules also bear an oligosaccharide 
moiety within the Fab region. Since the sequences of the constant region of 
k and X light chains and the C H 1 domain of the heavy chain do not include 
a glycosylation sequon, the oligosaccharide of glycosylated Fab regions is due 
to attachment within either the V L or V H sequences. Analysis of the DNA 
sequences of 83 human germline V H gene segments revealed five that encoded 
potential glycosylation sites, however, none of these sequons were observed 
in 37 V H protein sequences - detailed analysis to determine whether the germ- 
line gene from which these proteins were derived did encode a glycosylation 
sequon was not attempted. Fifteen of the 37 protein sequences did have poten- 
tial glycosylation sequons which, it would appear, have resulted from somatic 
mutation and antigen selection [7, 8]. It has been demonstrated that the struc- 
ture and function of Fab oligosaccharide can depend on the site of attachment. 
Thus, monoclonal murine anti-dextran antibodies with a single oligosaccharide 
attachment site at residues 54, 58 or 60 in complementarity-determining region 
2 (CDR2) were shown to have differing antigen-binding activities [9]. A mono- 
clonal human polyreactive autoantibody, secreted by a heterohybridoma cell 
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line was shown to be glycosylated on both the V L and V H regions; the V H 
glycosylation site was at residue 75 in framework 3, adjacent to CDR3 [10]. 



Structural Consequences of IgG Glycosylation 

Whilst glycosylation of the IgG/Fc is essential for optimal expression of 
effector activities mediated through FcyR and the CI component of comple- 
ment direct interaction of the oligosaccharide moiety with these effector ligands 
has not been demonstrated. Recently, it was reported, however, that in agalacto- 
sylated IgG the oligosaccharide moiety 'flips' out of the inter-C H 2 space and the 
terminal N-acetylglucosamine residues become available to bind and activate 
mannan-binding protein [11], and consequently the classical complement cas- 
cade. By contrast, these residues are not available to the lectin Bandeireae 
simplicifolia II in the native form of agalactosylated IgG but become so on 
denaturation. Resolution of structure for the oligosaccharide chains in x-ray 
crystallography demonstrates that it is not freely mobile and has definite 
conformation. From its attachment point at Asn297, it 'runs forward 1 towards 
the C H 2/C„3 interface region and it is estimated that 82 non-covalent inter- 
actions between core sugar residues and the outer arm residues of the a[l ->6] 
arm may be possible [12]. Together with the sugars of the ot[l->3] arm, the 
oligosaccharide fills the available volume between the C H 2 domains. It may 
be anticipated, therefore, that whilst interactions with the Fx face of the protein 
impose structure on the oligosaccharide chain there is a reciprocal influence 
of the oligosaccharide on the protein structure. 

The structural and functional consequences of Fc glycosylation can be 
assessed by comparison of glycosylated and aglycosylated forms of IgG. The 
latter can be generated by production in Escherichia coli 9 growing IgG produ- 
cing cells in the presence of the glycosylation inhibitor tunicamycin or by 
protein engineering of the glycosylation sequon. It should be appreciated that 
IgG produced in £. coli or in the presence of tunicamycin will have an asparag- 
ine residue at 297 whilst site-directed mutagenesis can introduce any chosen 
amino acid residue; in the present case, alanine. A more subtle approach is 
to isolate homogeneous glycoforms for structural and functional studies or 
to replace individual or combinations of amino acid residues that make con- 
tacts with sugar residues. The latter approach may allow a detailed understand- 
ing of the oligosaccharide/protein interactions in this molecule, the 'rules' of 
template direction and its effect on the type of oligosaccharide attached and 
the generation of mutant molecules with new profiles of biologic function. 

A small, localised protein structural change has been detected for aglycosy- 
lated human chimeric IgG3 and its Fc fragment by 'H-NMR. Previous studies 
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had allowed assignments for each of the five histidine residues, and their 
distribution through the Fc makes them suitable probes for detection of 
localised structural change. Such a change was reported for His268 which is 
in the vicinity of both the carbohydrate attachment site and the lower hinge 
binding site on IgG for Fc receptors [13]. A similar spectral difference was 
observed between a glycosylated IgGl Fc fragment and the aglycosylated form 
produced as a recombinant protein in E. coli [14]. A structural difference 
between the lower hinge regions (residues 234-237) of glycosylated and aglyco- 
sylated IgG was inferred from the different papain cleavage profiles obtained 
for glycosylated and aglycosylated mouse IgG2b. Whilst a single cleavage point 
at residue 229 was observed for the glycosylated protein, the aglycosylated 
mutant was cleaved heterogeneously at residues 228, 234, and 235 [15]. 

Recent I3 C-NMR studies have provided direct evidence of differing struc- 
tural dynamics for the lower hinge residues of glycosylated and aglycosylated 
mouse IgG2b [Kato, Lund and Jefferis, unpubl.]. Significant differences are re- 
vealed when thermodynamic parameters are determined from data obtained 
from differential scanning microcalorimetry of glycosylated and aglycosylated 
mouse IgG2b-Fc [Tischenko, Lund and Jefferis, unpubl.]. Differences are ob- 
served in both the C H 2 and C H 3 domains and the free energy of stabilisation 
of the C H 2 domain is decreased. An attempt to monitor structural differences 
between glycosylated and aglycosylated human IgG3 through altered epitope 
expression, employing a panel of > 30 mouse monoclonal anti-human Fey anti- 
bodies, did not detect any loss of expression or obvious reduction in affinity. 

Functional Consequences of Asn297 Glycosylation 

Since it has been consistently demonstrated that glycosylation is essential 
for optimal expression of FcyR- and CI -mediated effector functions, it may 
be anticipated that biological activity may vary between differing glycoforms. 
Most studies have compared differences between natural forms of IgG and 
their aglycosylated or agalactosylated counterparts; however, we have added 
the approach of generating mutant proteins in which residues reasoned to 
participate in oligosaccharide-protein interactions have been replaced. 

A wide range of effector cells are activated by IgG/antigen immune com- 
plexes through interactions with cellular receptors for the Fc region of the 
gamma chain, FcyR. Three types of human Fc receptors (FcyRI, FcyRII, 
and FcyRIII) have been defined, by gene cloning and sequencing, that are 
differentially expressed on a variety of cell types; additionally FcyR may be 
induced or their expression up-regulated following cellular activation. The 
IgG isotype specificity of the FcyR suggests that recognition is correlated with 
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primary amino acid sequence. An earlier prediction that the lower hinge 
residues 234-237 (-Leu-Leu-Gly-Gly-) in particular might correlate with 
FcyRI recognition appeared to be confirmed by protein engineering studies 
with the demonstration that replacement of any one of these residues in mouse/ 
human chimeric IgG3 affected recognition by all three human FcyR [16, 17]. 
It was proposed, therefore, that the three Fc receptors are recognised by 
overlapping, non-identical ligand-binding sites. This appears rational for a 
family of receptors that are evolutionarily related and exhibit a high degree 
of sequence homology. 

Other structural features are also determinants for recognition since re- 
placement of Pro331 by serine, the amino acid residue present at this position 
in IgG4, reduces the binding affinity for IgGl and IgG3 by an order of 
magnitude [18]; these residues are within 1 1 A of the lower hinge. The FcyRI I 
receptor is polymorphic and the allelic forms are designated as FcyRIIa-H131 
and FcyRIIa-R131 to indicate that a histidine/arginine interchange at residue 
131 is critical to recognition of human IgG2 molecules [19]. Thus, monocytes 
of homozygous H/H131 individuals were found to internalise IgG2-opsonized 
erythrocytes more efficiently than cells from R/R131 individuals. Since the 
lower hinge region of IgG2 molecules is radically different from that of IgGl 
and lgG3, it is apparent that the recognition site for FcyRII depends on 
structure outside this region. 

The amino acid replacement studies suggest that FcyR recognition is 
dependent on a precise molecular architecture and that subtle structural 
changes have a dramatic effect on biological function. This conclusion is 
further supported by the demonstration that aglycosylated human chimeric 
IgG3 has a reduced interaction with all three Fc receptors [16, 17, 20]. Whilst 
hapten-derivatised red blood cells could still be sensitised with this antibody 
to trigger superoxide production by U937 cells, stimulated with y-interferon, 
higher levels of sensitisation were required compared to glycosylated lgG3 
[20]. The aglycosylated IgG3 was not recognised by human FcyRII expressed 
on K562 and Daudi cells [21] and rosette formation mediated through FcyRIlI, 
expressed on human NK (natural killer) cells, was reduced to 40% of that 
obtained for glycosylated IgG3, whereas antibody-dependent cellular cytotox- 
icity (ADCC) was essentially abolished [17]. Comparative studies of a glycosyl- 
ated and an aglycosylated humanised anti-CD3 antibody suggest that the 
altered biological activities of aglycosylated IgG may be exploited for some 
in vivo applications. In the model investigated the glycosylated IgG was able 
to effect immune modulation and was immunogenic; probably due to its ability 
to activate T cells following interactions with appropriate FcyR-expressing 
cells. By contrast, the aglycosylated antibody was not immunomodulatory, 
was less immunogenic and had a longer half-life [22]. 



Jefferis/Lund 



116 



Attempts to evaluate the contribution of outer arm sugars to biologic 
function have concentrated mostly on glycoforms differing in galactose con- 
tent. In a sustained investigation of the EBV-transformed lymphocytes secret- 
ing anti-D antibody, it has been shown that antibody with a high galactose 
content (>70% digalactosyl IgG) was more effective than antibody with a 
low galactose content (10% agalactosyl and 50% monogalactosyl IgG) in 
FcyRI- and FcyR Ill-mediated cellular lysis (ADCC) [23]. An evaluation of 
the contribution of galactosylation to FcyRI recognition was made by compar- 
ison of the ability of a low galactose (<20% galactosylated) and a fully 
galactosylated form of an IgG4 Fc to inhibit superoxide generation through 
mouse/human chimeric IgG3, no difference was detectable in this system [24]. 
A minimal reduction in FcyR and a 2-fold reduction in Clq binding for 
agalactosyl IgG relative to the galactosylated form has been reported [25], 

Considerable clinical experience has been gained with the humanised 
monoclonal antibody Campath-IH and its promise requires optimisation of 
control and efficiency of production. The product of rat YO, Chinese hamster 
ovary (CHO) and mouse NSO cells has been evaluated for glycosylation and 
ADCC activity [26]. Interestingly, the rat cells were demonstrated to secrete 
IgG with relatively high levels of bisecting GlcNAc and to be the most active 
of the three products in ADCC, leading to the conclusion that this glycoform 
may have significant biologic advantage. The product of the NSO cells was 
reported to be underglycosylated. The final conclusion was that the cell type 
was a more important parameter than the culture conditions, at least for 
medium with and without added serum. It should be noted, however, that the 
method of culture used for each cell type was significantly different; the YO 
cells were grown in roller bottles, the NSO cells in shaking flasks and the 
CHO cells in hollow fibre bioreactors. In our experience [27], these differences 
in the method of culture could account, in large part, for the differences in 
glycoform profiles observed. The influence of outer arm sugars was evaluated 
for Campath-1 H antibody following exposure to neuraminidase and P-galacto- 
sidase; removal of low levels of sialic acid had no effect on ADCC or comple- 
ment-mediated lysis (CML), however, whilst removal of galactose was without 
effect on ADCC, it resulted in -50% reduction in CML activity [28]. 

The essential requirement for protein/core-oligosaccharide interactions 
with a biantennary-type oligosaccharide is suggested from studies of a chimeric 
mouse-human IgGl antibody produced in Lec-1 cells which are incapable of 
processing high mannose forms of oligosaccharide [29]. The antibody product 
having a high mannose oligosaccharide attached at Asn297 was incapable of 
complement-mediated hemolysis and deficient in Clq and FcyRI binding. In 
contrast a chimeric mouse-human IgGl antibody produced in yeast cells, with 
presumed incorporation of high mannose forms of oligosaccharides at Asn297, 
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maintained the ability to trigger ADCC through human FcyRIII [30]. The 
importance of C H 2 domain protein/core-oligosaccharide interactions in IgG 
is emphasised by the demonstration that recognition by Fey receptors can be 
modulated in mutant proteins in which core oligosaccharide contact residues 
have been replaced. Thus, replacement of Asp265, a contact residue for the 
primary GlcNAc residue of the core oligosaccharide, resulted in reduced recog- 
nition by human FcyRI and human FcyRII. By contrast, replacement of non- 
core contact residues Lys246, Asp249 by Ala and Glu258 by Asn was without 
effect on recognition for these receptors, a finding consistent with the view 
that the interactions with GlcNAc and Gal residues of the Manot(l— >6) arm 
are not essential for maintenance of recognition by human FcyRI and FcyRII 
[24]. 

The biological half-life of a recombinant glycoprotein is a vital property 
determining in vivo efficacy and the economics of treatment. Studies of blood 
clearance of glycosylated and aglycosylated mouse/human chimeric IgGl in 
mice demonstrated accelerated clearance for the aglycosylated form but with 
similar half-lives. Since the half-life of IgGl in humans is ~23 days but 
measured as 5 days in this model it is difficult to draw a definitive conclusion. 
Catabolism of aglycosylated mouse IgG2b was evaluated in a rat model and 
shown to be cleared more rapidly than the glycosylated form and it was 
concluded that the increased catabolism occurred in the extravascular space 
[31]. The plasma half-lives and bioavailability of human anti-D antibodies 
secreted by Epstein-Barr virus (EBV)-transformed human B cells, cultured in 
hollow-fibre bio-reactors, have been evaluated in vivo in comparison with 
polyclonal anti-D isolated from immunised volunteers [32]. The half-lives of 
an IgGl and an IgG3 monoclonal anti-D antibody were 22.2 and 10.2 days, 
respectively, compared to 15.6 days for polyclonal anti-D IgG. The half-life 
of polyclonal anti-D IgG was dependent on the proportions of IgGl and 
IgG3 present in the preparation. Studies of mutant mouse IgGl proteins have 
been interpreted to localise the site controlling catabolism to the inter C H 2/ 
C H 3 region and to demonstrate modulation of the half-life [33]. 

Evaluation of a panel of 28 mutant mouse IgG2b proteins, each with a 
surface accessible amino acid replacement, for CI q binding and CI activation 
correlated recognition with the presence of the wild-type residues lysine, glu- 
tamic acid and glutamic acid at 318, 320 and 322 [34]. A contrary result has 
been reported for mouse/human chimeric IgGl antibody with the demonstra- 
tion that replacement of glutamic acid 320 was without effect on CML, how- 
ever, CI activation was abrogated following amino acid replacements in the 
lower hinge region [35]. This is consistent with the observation that a Pro->Ser 
replacement at residue 331 in IgGl and IgG3 results in a reduced capacity to 
trigger complement lysis [36]. One of the mutant proteins produced by Duncan 
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and Winter [34] was Asn -> Ala, 297 which results in the production of aglycosy- 
lated mouse IgG2b. This protein had a 3-fold reduced capacity to bind human 
Clq and a much reduced ability to trigger lysis of target cells with guinea pig 
complement through the classical complement cascade. Similarly, an aglycosy- 
lated mouse/human chimeric IgGl was shown to retain some ability to trigger 
lysis of target cells by human complement but with a 7- to 8-fold higher 
antibody concentration requirement than for the glycosylated wild type IgGl 
[37]. These data suggest a similarity in the molecular requirements for FcyR 
and CI recognition and that glycosylation is essential for generation of a 
quaternary structure expressing these ligand binding sites. 

The role of outer arm sugars in CI mediated lysis has been investigated 
for galactosylated and agalactosylated IgG, produced following exposure to 
P-galactosidase, with an observed 2-fold higher activity for the galactosylated 
form [25]. Confirmation of the importance of correct glycosylation is provided 
by study of a human-mouse chimeric IgGl molecule produced in yeast cells 
and anticipated to have high mannose type oligosaccharide attached at Asn297 
[29]. The IgGl product was unable to activate CI to trigger human complement 
mediated lysis of targets whilst the same chimeric IgGl construct expressed 
in rodent cells (Sp2/0) was effective. A direct role for the oligosaccharide 
moiety in activating the complement cascade is apparent for the lectin mannan- 
binding protein which can function as a surrogate CI component. The specifi- 
city of mannan-binding protein is for mannose and N-acetylglucosamine res- 
idues, and it has been shown that it can access and bind to terminal N- 
acetylglucosamine residues exposed on agalactosyl IgG [11]. 

Much interest has been generated by the observation of a deficit in IgG 
galactosylation in patients with rheumatoid arthritis (RA) and some other 
inflammatory diseases, including tuberculosis and Crohn's disease [38]. An- 
other feature of RA is the presence in the blood of rheumatoid factor (RF) 
autoantibodies having specificity for epitopes in the Fc region of IgG. Since 
RFs are, typically, of IgM or IgG isotype, the immune complexes formed have 
the potential to trigger effector functions through IgG-mediated pathways or 
a combination of IgG and IgM pathways. The chronic inflammatory reactions 
resulting are thought to contribute erosive damage in this disease. A dominant 
specificity of RFs is for an epitope localised to the area of contact and inter- 
action between the C H 2 and C H 3 domains. This specificity overlaps with that 
of Staphylococcal protein A and the binding of a majority of RFs to IgG can 
be inhibited by Staphylococcal protein A [8, 39]. It has been speculated that 
terminal galactose or sialic acid residues on the a[l ->6] arm of the oligosaccha- 
ride may be accessible to RFs and influence recognition and binding affinity, 
with a consequent effect on the nature and size of immune complex formed. 
A galactose residue on the a[l->6] arm is resolved on x-ray crystallography 
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and possible non-covalent contacts identified. It has been argued, therefore, 
that this galactose residue occupies a lectin-like pocket that will be exposed 
in agalactosylated IgG and may contribute to altered IgG antigenicity, e.g. 
reactivity with RFs [38]. Alternatively, the mannose-binding protein provides 
a route by which agalactosylated IgG could trigger the inflammatory reactions 
seen in RA independently of RFs [1 1]. 

A study of the reactivity of 16 monoclonal RFs generated from synovial 
tissue lymphocytes with IgG of differing galactose content (18-86%) yielded 
ambiguous results. Five RFs reacted more avidly to IgG of low galactose 
content, 6 were not influenced by galactose content and one bound more 
avidly to IgG of high galactose content [40]. A comparison of the binding of 
polyclonal and monoclonal RFs to glycosylated and aglycosylated chimeric 
mouse/human IgG proteins of each of the subclasses detected no differences 
for IgGl, IgG2 and IgG4 proteins, however, RFs reactive with IgG3 proteins 
reacted more avidly with aglycosylated IgG3 [41]. In a companion study, 
some monoclonal RFs were found to bind aglycosylated IgG4 less well than 
glycosylated IgG4 (2- to 5-fold), suggesting that the carbohydrate moiety is 
important in establishing their binding epitope in the C H 2 domain [42]. An 
interesting difference between the latter two studies was that for one the source 
of monoclonal RF was serum of patients with Waldenstrdms macroglobulin- 
emia [41] and for the other EBV-transformed synovial tissue lymphocytes of 
RA patients. Given the parallelism between RF and Staphylococcal protein 
A binding to IgG, it is pertinent to note that there is only one report of a 
minimal effect of glycosylation on the binding of Staphylococcal A to IgG. 
An interesting recent study demonstrated isotype regulation mediated through 
the generation of auto-anti-isotype antibodies (RFs) during the course of an 
immune response to influenza virus. A series of RFs were established as 
monoclonal antibodies and demonstrated to effect immune deviation in vivo. 
One of these RFs, a monoclonal IgA RF, specific for mouse IgG2b bound 
the aglycosylated protein poorly [43]. 

On complexing with polyvalent antigen, IgM is able to initiate the classical 
complement cascade, following binding of Clq molecule to the C H 3 domain; 
the equivalent of the C H 2 domain of IgG. Amino acid replacements within 
glycosylation sequon 402^04 [44] of the C H 3 domain of mouse IgM results 
in a 3- to 25-fold decrease in the capacity to effect CML of target cells by 
guinea pig complement. This lowered activity could be due, at least in part, 
to an observed 4- to 8-fold reduction in assembly of the monomeric subunits 
into pentameric and hexameric IgM molecules. Replacement of residue 406 
(Ser— ►Asn), analogous to core contact residue 301 in IgG, resulted in a 50- 
fold decrease in the capacity of mouse IgM to trigger lysis through guinea 
pig complement [45]. These data suggest that interactions between amino acid 
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residues and core sugar residues of the oligosaccharide attached at Asn-402 
of the IgM molecule may be important for the formation of the CI -binding 
and activation site. 



Factors Influencing Glycosylation Hybridoma, and 
Recombinant Immunoglobulin Molecules 

Regulatory authorities demand exhaustive testing of monoclonal antibod- 
ies that might be applied for in vivo diagnostic or therapeutic purposes. If 
approved, a similar demand for the demonstration of product consistency is 
made. The parameters that should be analysed, in vitro, include isotype, sub- 
class, affinity, microheterogeneity, molecular weight, primary and secondary 
structure, structural integrity, specificity, glycosylation profile, biological po- 
tency. Subsequently, the product would be evaluated for pharmacological, 
toxicological, biodistribution and half-life in vivo [3]. Functional studies of 
recombinant human proteins have established that the form of the oligosac- 
charide moiety attached at a specific glycosylation site should be the same as 
that attached to the natural molecule. Regulatory authorities require authentic 
and consistent glycosylation of molecules that may be applied in vivo, therefore, 
animal cells are preferred to other systems for their production. The biotechnol- 
ogy industry has concentrated on development of production protocols em- 
ploying CHO cells for all recombinant human glycoproteins demonstrating 
that its glycosylation machinery is catholic and that the polypeptide chain has 
a major influence on the type of oligosaccharide attached. However, CHO 
cells do not satisfy industrial economic requirements for the production of 
antibodies and so there has been a resurgence of interest in NSO cells that 
are derived from an antibody secreting plasmacytoma. A recent study also 
employed the rat plasmacytoma line YO and demonstrated its product to have 
a natural glycosylation profile that included the presence of bisecting GlcNAc 
residues [26]. For any given cell type, glycosylation of antibody products 
remains a variable dependent on numerous parameters that include, the method 
of cell culture, the supply of nutrients, removal of metabolic products, when 
the protein is harvested and a subtle influence of the polypeptide chain on 
outer arm sugar heterogeneity. A further concern is the possibility that mutant 
clones may arise during extensive and continuous culture with the emergence 
and overgrowth of a sub-clone secreting structurally and functionally aberrant 
molecules. The reality of this concern is demonstrated by the isolation of 
multiple sub-clones of CHO cells each of which expresses an altered profile 
of glycosyltransferases and consequently secretes glycoproteins with unique 
glycoform profiles [46]. 
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Experience in the production of mouse/human chimeric antibodies in 
J558L cells demonstrated significant differences in galactosylation depending 
on whether it was produced in shallow culture, hollow fibre bioreactor or 
in vivo, as ascitic fluid. Of particular concern is the production of variable 
proportions of molecules bearing additional galactose residues in ot[l->3] 
linkage to normal galactose sugars. This results from the activity of an endo- 
genous a[l->3]-galactosy transferase. Gene expression for this enzyme is de- 
pressed in humans and higher primates with the result that it constitutes an 
immunogenic structure and it has been estimated that 1% of circulating human 
IgG is 'anti-Gal' antibody [47] and its presence can be readily demonstrated 
in an ELISA [48]. Although the CHO cell line expresses an a[l ->3] galactosyl- 
transferase, there appears to be only one documented instance in which it has 
been demonstrated to be active in the addition of Gal a[l->3] Gal [49]. We 
have had the experience of culturing multiple clones of transfected J558L 
whose antibody product had an essentially normal glycoform profile over 
several years; then, for reasons unknown to us, the antibody product included 
high mannose oligosaccharides and low site occupancy [Lund, Takahashi and 
Jefferis, unpubl. obs.]. A similar experience has been reported for human 
IgGl and IgG2 antibodies produced by heterohybridomas for which variable 
proportions of high mannose containing antibody was obtained [50]. Glycosyl- 
ation appeared to be dictated by the mouse plasmacytoma partner since N- 
glycolylneuraminic acid but no bisecting GlcNAc was added. Similarly, a 
humanised anti-CD 18 antibody produced in NSO cells was shown to contain 
five oligomannoside-type structures in addition to the usual biantennary-type 
oligosaccharide moieties, no bisecting GlcNAc and no sialic acid [51]. The 
glycosylation status of human anti-D antibody produced by EBV-transformed 
lymphocytes grown at low density in static culture or high density in hollow 
fibre bioreactors also demonstrated high levels of galactosylation for antibody 
produced at low density and a relatively natural profile of glycoforms for 
antibody produced in the bioreactor [23]. Heterohybridomas secreting anti-D 
antibody have also been established; however, analysis showed that 12/16 such 
cell lines had incorporated Gala[l ->3]Gal epitopes into the antibody [52]. 

A further rodent/human difference is in the form of sialic acid utilised. 
Polyclonal human IgG has a terminal N-acetyl neuraminic acid sugar on 
~ 25% of oligosaccharides, by contrast the mouse utilises N-glycolyl neura- 
minic acid. Interestingly, chimeric mouse/human IgG3 produced in J558L cells 
was shown to be a mixture of molecules having one or the other derivative. 
This demonstrates that both transferases are available and that their utilisation 
is affected by subtle structural effects. A bisecting GlcNAc residue is present 
in - 10-20% human polyclonal IgG but NSO and CHO cells lack the GlcNAc 
transferase III enzyme required for its addition. The extensive functional 
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studies reported for recombinant molecules produced in CHO cells suggested 
that bisecting GlcNAc has little influence on biological activity, however, the 
presence of glycoforms with bisecting GlcNAc produced by rat YO cells has 
been held to account for its beneficial biological activity [26]. These findings 
point to the need for a productive cell line of human origin, however, none 
is available that has a high endogenous rate of protein synthesis. Many other 
vehicles for recombinant protein production are being appraised or under 
development. The early promise of E. coli has not been realised for glycopro- 
teins since bacteria do not have a glycosylation machinery [14]. Experiences 
with insect cells differ. Thus whilst a mixture of high mannose and complex 
N-linked oligosaccharides was reported for recombinant human plasminogen, 
including a fully elongated biantennary form (28%) [53] the conclusion drawn 
from a study of the N-glycosylation of a virion protein was that insect cells 
were not capable of elongation with the addition of galactose and sialic acid 
[54]. It is evident that this system is very sensitive to culture conditions and 
the timing of infection with baculovirus. It is unlikely that other expression 
systems, such as transfected potatoes, tomatoes, are likely to allow production 
of glycoproteins that will be acceptable for therapeutic use; it should be 
remembered that glycosylation is only one of several post-translational events 
that are essential to the synthesis of a natural form of proteins and glycopro- 
teins. 

Whilst one might attempt to develop optimal growth conditions for basic 
scientific studies, it is likely that they would be too costly to translate into 
commercial production protocols. Ideally, one would aim for a system that 
mimics in vivo conditions (homeostasis!) as closely as possible with the mainte- 
nance of nutrient concentrations, oxygen tension, removal of metabolites. An 
unknown factor is the presence of essential growth factors (cytokines) in vivo. 
A major consideration for biotechnology companies is the overall cost of 
production and an important element in its determination is downstream 
processing. Isolation and purification is simplified by the use of defined media 
and there has been a sustained development of serum-free media with most 
companies adopting their own undisclosed formulation. Large-scale produc- 
tion facilities have employed air-lift fermenters of 10-12,000 litres capacity. 
There is a gradual scale-up with the growth of a Charge' for the next fermenter 
to allow exponential growth. At the end stage, the cells exhaust the medium, 
die and protein is released following rupture of the cell wall. 

Hollow-fibre bio-reactors have been used for research and intermediate 
scale production of glycoproteins, including antibodies to be used as in vivo, 
therapeutics. This system does allow continuous exchange between the medium 
that the cells are suspended in and the 'external' circulating medium. However, 
the cells are not homogeneously dispersed throughout the cell compartment 
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but grow in clumps of solid tissue with the result that mass transfer across 
such a tissue is inefficient and necrosis follows. 

We have commented on the heterogeneity of glycosylation of IgG pro- 
duced in vivo by healthy human adults and instanced altered galactosylation 
patterns in certain inflammatory diseases. It remains to be determined whether 
the IgG producing plasma cells are or are not abnormal per se or are developing 
and producing IgG in an abnormal environment. A fundamental question is 
whether this is a disease-specific phenomenon that has direct implications for 
cause and progression or an epiphenomenon that may be used to monitor 
disease activity and may have value as a prognostic indicator, as for al- 
acid glycoprotein [55]. Analysis of mouse and human monoclonal IgGs has 
demonstrated that each clone exhibits a unique Fc glycosylation profile and, 
therefore, that the profile for polyclonal IgG is the sum of the many contributing 
clones. The human monoclonal IgG proteins have been isolated from sera 
of patients with the disease multiple myeloma. Analysis of a panel of IgG 
paraproteins with multiple examples of each subclass revealed a subtle template 
direction effect such that the apparent preference, in polyclonal IgG, for galac- 
tosylation of the a[ 1 6] arm over the oc[ 1 -> 3] arm was reversed for IgG2 proteins 
and for 2/3 IgG3 proteins [6]. In an extension of these studies, we have observed 
the ot[l -» 3] preference for a further five IgG3 paraproteins whilst the polyclonal 
IgG isolated from the same serum sample demonstrated the opposite preference 
[56]. A further observation is hypogalactosylation of both the polyclonal and 
the monoclonal IgG, relative to normal polyclonal IgG; however, this did not 
correlate with IL-6 levels in the same serum sample. It has been shown that 
IL-6 is a growth factor for plasma cells proliferating in the bone marrow in this 
disease and that it is reflected in increased IL-6 levels in the serum [57]. 

For proteins with multiple glycosylation sites, fidelity is observed for the 
type of oligosaccharide attached at each. Such template direction, excluding 
outer arm sugars, is exemplified for IgM, IgA, IgE and IgD molecules. Thus, 
for a mouse IgM secreting plasmacytoma, the oligosaccharide attached at 
Asnl71 is a biantennary complex form, oligosaccharides at Asn332, 364 and 
402 are triantennary and at Asn563 predominantly chitobiose (Man 3 GlcNac 2 ) 
[58]. Similarly, in the human IgD molecule an oligomannose form is attached 
at residue 354 within the C H 2 domain, and complex forms at residues 445 and 
496 within the C H 3 domain [59, 60]. While large-scale steric effects have been 
invoked in influencing accessibility of glycosylation sites to glycosylation en- 
zymes, it is less widely appreciated that smaller-scale changes can also affect 
glycan synthesis. Repositioning of a carbohydrate attachment site within the 
Fab region of an antidextran antibody by two residues from Asn58 to Asn60 
[9], resulted in the attachment of oligomannose forms in place of a complex 
form and was accompanied by > 3-fold reduction in affinity for antigen. This 
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study employed mouse hybridoma cells for antibody production and noted 

that the Fab oligosaccharide was more fully processed than the Fc moiety J* 

and that Galoc[l -*3]Gal was added to a significant proportion of Fab oligosac- fl 

charide. A more subtle influence of glycosylation status has been demonstrated ll 

for a human hybridoma that has a glycosylated X-chain; variations in glucose 

availability were shown to determine the size of the oligosaccharide attached ■! 

and the antigen-binding activity [61]. Alternatively, it has been shown that ,«• 

glycosylation sequons can be introduced into variable regions with consequent 

glycosylation that does not affect antigen binding and which can be used for ! J 

conjugation of haptens [62], ' i" 

The extensive interactions between the oligosaccharide and protein moiet- , 
ies suggest the possibility to modulate them by selected amino acid replace- I:: 
ments with a consequent influence on biological activity. Such an effect has 
been observed on replacement of the core contact residue Asp265 by Ala 
(DA265), resulting in greatly increased levels of galactosylation but a diminu- £j 
tion of FcyRI-mediated function; 50% more oligosaccharide chains with galac- Iti 
tose residues on both the a[l -»3] and a[I ->6] arms for mouse/human chimeric J 
IgG3 produced in CHO cells [63]. 

In conclusion, it is evident that post-translational glycosylation of proteins 
can have subtle and more far-reaching structural and functional consequences. 
These consequences will be particularly manifest for recombinant glycopro- 
teins produced in vitro but intended for in vivo application. A second rapidly 
developing area of interest results from the observation of altered glycosylation 
states for specific proteins correlating with disease and/or disease activity. The 
field is set to expand as sensitive technologies for determining oligosaccharide 
structures and profiles are now commercially available. 
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Abstract: The effector functions elicited by IgG antibo- 
dies strongly depend on the carbohydrate moiety linked to 
the Fc region of the protein. Therefore several approaches 
have been developed to rationally manipulate these 
glycans and improve the biological functions of the 
antibody. Overexpression of recombinant pi,4-/V-acetyl- 
glucosaminyltransferase III (GnT-lll) in production cell 
lines leads to antibodies enriched in bisected oligosac- 
charides. Moreover, GnT-lll overexpression leads to 
increases in non-fucosylated and hybrid oligosacchar- 
ides. Such antibody glycovariants have increased anti- 
body-dependent cellular cytotoxicity (ADCC). To explore a 
further variable besides overexpression of GnT-lll, we 
exchanged the localization domain of GnT-lll with that of 
other Golgi-resident enzymes. Our results indicate that 
chimeric GnT-lll can compete even more efficiently 
against the endogenous core a1,6-fucosyltransferase 
(od,6-FucT) and Golgi ot-mannosidase II (Manll) leading 
to higher proportions of bisected non-fucosylated hybrid 
glycans <"Glyco-1" antibody). The co-expression of 
GnT-lll and Manll led to a similar degree of non- 
fucosylation as that obtained for Glyco-1 , but the majority 
of the oligosaccharides linked to this antibody ("Glyco-2") 
are of the complex type. These glycovariants feature 
strongly increased ADCC activity compared to the unmo- 
dified antibody, while Glyco-1 (hybrid-rich) features 
reduced complement-dependent cytotoxicity (CDC) com- 
pared to Glyco-2 or unmodified antibody. We show that 
apart from GnT-lll overexpression, engineering of GnT-lll 
localization is a versatile tool to modulate the biological 
activities of antibodies relevant for their therapeutic 
application. 

€> 2006 Wiley Periodicals, Inc. 
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INTRODUCTION 

Antibodies of the IgG class have proven to be useful anti- 
cancer therapeutics (Carter, 2001 ). Their high specificity for 
an antigen, for targeting a cancerous cell, and the simul- 
taneous recruitment of immune effector cells, by binding to 
Fey receptors (FcyRs) via their Fc region, make them a 
powerful tool for immunotherapies. This linker function of 
the antibodies results in the elimination of the cancerous ceil 
by cell-mediated effector functions, such as antibody- 
dependent cellular cytotoxicity (ADCC). 

Many therapeutic antibodies depend on Fc-mediated 
effector functions and it was concluded that they require a 
higher in vivo efficacy to increase their potential as thera- 
peutic drugs. The recruitment of FcyR-expressing cells 
relies on an efficient binding to the Fc region of IgG 
(Dall'Ozzo et al„ 2004). The affinity of this interaction can 
be improved by amino acid mutations of the polypeptide 
(Shields el a!., 2001 ), which bear the risk of immunogeni- 
city. On the other hand the presence of specific oligosac- 
charide structures linked to the Cy2 domain of the Fc 
fragment was reported to affect the biological activity of 
the antibody (Jefferis et ah, 1998; Lifely et aL, 1995; 
Wright and Morrison, 1997) by influencing the interaction 
with FcyRs (Tao and Morrison, 1989). In this context, 
modification of the carbohydrate moiety associated to the 
Fc region of IgG has proven to be a successful approach to 
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enhance ADCC (Shields el aL 2002; Shinkawa et al., 2003; 
Umana et aL 1999). 

Recombinant DNA-based glyeo-engineering for increased 
antibody effector function was first achieved by over- 
expression of heterologous p 1 .4-A'-acety1gIucosaminyltrans- 
ferase III (GnT-III). in antibody-producing cells (Umana 
et al.. 1 999K GnT-llI catalyzes the addition of a bisecting N- 
acetylglucosamine (GlcNAc) to N-linked oligosaccharides, 
as long as they have been modified by N-acetylglucosami- 
nyhransferase I (GnT-I) and have jiol been modified by 
pi, 4 galactosyltransferase (GalT). Therefore, any non- 
galactosylated hybrid or complex oligosaccharide, whether 
fucosylated or not. can be modified by GnT-III. However, 
once GnT-III adds a bisecting GlcNAc to an oligosaccharide, 
other central reactions of the biosynthetic pathway such as 
core-fucosylarion and conversion of hybrid to complex 
glycans are blocked (Schachter, 1986). This gives GnT-III a 
high degree of control over the glycosylation process in the 
Golgi apparatus. Overexpression of GnTIIl in antibody- 
producing cells results in the formation of bisected, non- 
fucosylated oligosaccharides linked to the antibodies that 
mediate increased ADCC (Shields et aL, 2002; Shinkawa 
et al.. 2003; Umana et al.. 1999). 

Previously, we have shown that the GnT-III expression 
level has a large impact on the relative levels of complex and 
hybrid, fucosylated. or non-fucosylated oligosaccharides 
(Umana et al.. 1999). Besides the expression level, the Golgi 
localization domain of GnT-III, which controls its spatial 
distribution relative to other enzymes, is another variable 
influencing the impact of GnT-III on the glycosylation path- 
way (Nilsson et al.. 1996). Here we explore the localization 
variable by fusing the catalytic domain of GnT-III to the 
localization domain (cytoplasmic, transmembrane, and 
stem region) of other Golgi-resident enzymes of the N- 
glycosylation pathway. The resulting chimeric proteins were 
expressed in antibody-producing cells to engineer the 
antibody glycosylation pattern and the associated antibody 
effector functions. 

MATERIALS AND METHODS 

Construction of Expression Vectors 

The DNA for the variable heavy (VH) and variable light ( VL) 
chain of the anti-CD20 antibody was assembled by poly- 
merase chain reaction (PCR) on the basis of the published 
sequence of the murine C2B8 antibody (Kobayashi et al., 
1997; Reff et al.. 1994). The lgGI constant regions were 
amplified from a human leukocyte cDNA library (BD Bio- 
sciences, Allschwil, Switzerland). The rat GtiT-\\\ gene was 
amplified using specific primers from a rat kidney cDNA 
library (BD Biosciences) and a sequence coding for a 
C-tcrminal c-myc-epitope lag was added. The construction 
of the GnT-IH-chimeric genes was performed by subsequent 
overlapping PCR reactions. The DNA fragments coding 
for the localization domains (cytoplasmic, transmembrane, 
and stem regions) of human GnT-I (102 amino acids). Manll 
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(100 amino acids), GnT-II (103 amino acids), and 
al. 6-fucosyltransferase (al,6-FucT) (101 amino acids) 
were amplified from different material of human origin 
using the specific primers. The gene coding for Golgi 
•x-mannosidase II was amplified by PCR from human 
DNA using specific primers. The gene coding for ihe 
human A^acetylglucosaminyltransferase II (GnT-II) was 
amplified from pGnTII (RG00255I, Invitrogen AG, Basel. 
Switzerland) by PCR using specific primers. The construction 
of the catalytically inactive GnT-III ManM (i GnT-II F M:m 11 ) was 
performed as described (Ihara et al., 2002). The construction of 
two mutant GnT-IlP m,lManl1 was accomplished by site-directed 
PCR mutagenesis, where the mutations R60Q, R73N. L79S. 
and E8IS (GnT-llI nm,Ma^M{4:,:,, ) or R73N, L79S. and E8IS 

(GnT.npm.MantK^,,) ^ intnjduced imo Man „ fN j |Rson 

et al.. 1996). All expression vectors were combined with an 
origin of replication from the Epstein Barr virus (oriP) for 
episomal vector replication and maintenance in cells produ- 
cing the Epstein Barr virus nuclear antigen (EBNA). 
Expression of the protein was confirmed by Western blot 
detection of GnT-III C-tenninal c-myc tag. 

For the generation of the FcyRII la-expressing CHO cell 
line, an expression vector for Fc; Rlllu-Val 158 a-ehain, 
;*-chain. and the gene conferring puromycin resistance was 
constructed. The cDNAs coding for the FcyRIIIA and the 
-/-chain were amplified from a healthy donor using specific 
primers. Genotyping for the FcyRHIA-Val/Phel58 and 
Fc/RlIC polymorphisms were performed as described 
(KoeneeiaL 1997: Metes et al., 2001 ). 

Production and Purification of Glyco-Engineered 
Anti-CD20 Antibodies in HEK293-EBIMA Cells 

HEK293-EBNA cells, a kind gift from Rene Fischer (Labo- 
ratory of Organic Chemistry. ETH Zurich, Switzerland), 
were grown as adherent monolayer cultures using DMEM 
culture medium supplemented with 10% FCS (Invitrogen 
AG) and were transfected essentially as described by Jordan 
et al. (1996). HEK293-EBNA cells were used as a transient 
expression system where the episomal replication of the 
expression vectors allowed high antibody litres and high 
expression levels of the glycosylation enzymes. Glyco- 
engineered antibodies were produced by co-transfection 
of the cells with two plasmids coding for antibody and 
chimeric GnT-III. at a ratio of 4:1, respectively, while for un- 
modified antibody the plasmids coding for the carbohydrate- 
modifying enzymes were omitted. For the combination of the 
chimeric GnT-III M: ' n " and Manll, cells were co-transfected 
with three expression vectors coding for antibody, 
GnT-JII ManH and Manll at a ratio of 3:1:1. The same ratio 
was used for the combination of GnT-III and Manll, and for 
that of ManllGnT-III and GnT-II. At day 5 post-lransfection, 
supernatant was harvested and monoclonal antibody 
purified using two sequential chromatographic steps as 
described (Umana et al.. 1999), followed by size exclusion 
chromatography (HiLoad™ 16/60 Superdex™ 200 column, 
Amersham Biosciences. Otelfingen. Switzerland). 



5. 2006 



DOI 10.1002/bit 



Oligosaccharide Analysis 

Oligosaccharides were enzymatically released from the anti- 
bodies by /V-Glycosidase digestion (PNG&seF, EC 3.5.1.52. 
OA-Bio. San Mateo. CA) at 0.05 mU/pg protein in 2 mM Tris. 
pH7 for 3 h at 37 C. A fraction of the PNGaseF-tneated sample 
was subsequently digested with Endoglycosidase H (EndoH. 
EC 3.2. 1 .96, Roche, Basel. Switzerland) at 0.8 mU/pg protein 
and incubated for 3 h at 37 C. The released oligosaccharides 
were incubated in mild acid (150 mM acetic acid) prior to 
purification through a cation exchange resin (AG50W-X8 
resin, hydrogen form, 100-200 mesh, BioRad ; Reinach, 
Switzerland) packed into a micro-bio-spin chromatography 
column (BioRad) as described (Papac et aL, 1998). The 
oligosaccharide samples were then analyzed with sDHB as 
matrix (Papac el aL 1998) using an Autoflex MALDI/TOF 
(Bmker Daltonics. Faellanden, Switzerland) in positive ion 
mode. For the assignment of an oligosaccharide structure to 
each peak. Endoglycosidase H was used due to its specificity. It 
digests most hybrid and high mannose, but not complex 
oligosaccharides. A refined oligosaccharide analysis was 
necessary to distinguish between bisected hybrid and complex 
On/z 1 .339 and 1 .502) and their fucosylated versions (/«/; 1 ,648 
and 1,810), as both structures are not digested by EndoH, For 
this purpose, EndoH analysis was combined with in vitro 
galactosylation of the whole antibody performed as described 
(Raju et aL, 2001 ). The aim was to distinguish between hybrid 
or complex oligosaccharides by making use of the fact that 
hybrid oligosaccharides can be galactosylated only at one 
terminal GlcNAc residue. 



Binding of Monomeric lgG1 Glycovariants to 
Natural Killer (NK) Cells and Fc 7 Rllla-Expressing 
CHO Cell Line 

Human NK cells were isolated from freshly isolated 
peripheral blood mononuclear cells (PBMC) applying a 
negative selection enriching for CD 1 6- and CD56-positive 
cells (MACS system. Miltenyi Biotec GmbH, Bergisch 
Gladbach. Germany). The purity determined by CD56 
expression was between 88% and 95%. Freshly isolated 
NK cells were incubated in PBS without calcium and 
magnesium ions (3 x I0 5 cells/mL) for 20 min at 37 C to 
remove NK cell-associated IgG. Cells were incubated at 
10* cells/mL at different concentrations of anti-CD20 
antibody (0. 0.1, 0.3. 1,3, 10 pg/mL) in PBS. 0.1% BSA. 
After two washes with PBS. 0.1% BSA antibody, binding 
was detected by incubating with 1:200 FITC-conjugated 
F(ab') 2 goal anti-human. F(ab') 2 specific IgG (Jackson 
ImmunoReasearch, West Grove, PA), and anti-human 
CD56-PE (BD Biosciences, Shields et aL 2002). The ami- 
FcvRIIIa3G8 F(ab') 2 fragments (Ancell, Bayport. MN) were 
added at a concentration of 10 pg/mL to compete binding of 
antibody glycovariants (3 pg/mL). Fluorescence intensity 
was determined for CD56-positive cells on a FACSCalibur 
(BD Biosciences) and refers to the geometric mean measured 
for different antibody concentrations, from which the 



geometric mean of cells incubated without primary antibody 
was subtracted. 

CHO cells were transfected by electroporation (280 V. 
950 pF. 0.4 cm) with an expression vector coding for the 
FcyRIIla-Val 1 58 ot-chain and the y-chain. Transfectants were 
selected by addition of 6 pg/mL puromycin and stable clones 
were analyzed by FACS using 10 pL FITC-conjugated anti- 
FcyRlIl 3G8 monoclonal antibody (BD Biosciences) for 10 6 
cells. Binding of IgG I to FcyRIIla-Val 1 58-expressing CHO 
cells was performed analogously to the NK cell binding 
described above by omitting CD56-staining. 

Biological Activity of Anti-CD20 Monoclonal 
Antibody Glycovariants 

Antibody-Dependent Cellular 
Cytotoxicity (ADCC) Assay 

CD20-positive Raji cells (DMEM, 10% FCS, \% Glutamax, 
lnvitrogen AG) were labeled with the fluorescent dyeCalcein 
AM for 20 min, according to the manufacturers instruction 
(Molecular Probes, Leiden, The Netherlands). Antibodies 
were serially diluted in AIM-V (lnvitrogen AG) and 
incubated with the target cells for 10 min at room temperature 
prior to the addition of effector cells. PBMCs were prepared 
from a donor heterozygous for FcyRIIIa-Val/Phel58 and 
lacking FcyRIIc expression using Histopaque- 1077 (Sigma- 
Aldrich, Buchs, Switzerland) following the manufacturer's 
instructions. PBMCs were added to the wells at an effector to 
target ratio of 25: 1. After 4 h incubation at 37X, the cells 
were spun down, washed twice with PBS without calcium 
and magnesium ions, and lysed by addition of 50 mM borate, 
0.1% Triton X-100 solution. The content of the wells was 
subsequently transferred to a 96- well black flat-bottomed 
plate. Retention of the fluorescent dye by intact target cells 
was measured with a fluorometer (485 nm excitation, 520 nm 
emission, FLUOstar Optima, BMG Labtechnologies, Inc., 
Durham, NC). Specific lysis was calculated relative to the 
total lysis control, resulting from incubating the target cells 
with 1% Triton X-100. Percentage of specific antibody- 
mediated cytotoxicity was calculated as follows: 

% cytotoxicity = ((Fluorescence at concentration x 
- Fluorescence of spontaneous release) / 
(Fluorescence maximal release 
-Fluorescence spontaneous release)) x 100 

Each antibody dilution was analyzed in quadruplicate. 

Complement-Dependent Cytotoxicity (CDC) Assay 

CD20 positive human B lymphoblastoid SKW 6.4 cells 
(DMEM, 10% FCS, \% Glutamax, lnvitrogen AG) were 
incubated with increasing concentrations of antibody for 
10 min at room temperature prior to the addition of normal 
human serum (NHS, FcyRUlA-Vall58 and FcyRIIC homo- 
zygous donor), prepared from the blood of healthy 
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volunteers, as source of complement. The blood was allowed 
to coagulate for I h at room temperature and then centrifuged 
at I,200# for 20 min. The serum was diluted threefold with 
AIM-Vand added to the wells to obtain a final concentration 
of 20% NHS. The assay plates were incubated for 2 h at 37*C. 
Maximal release was determined by incubating the cells in 
the presence of 1% Triton X-100. Relative cytotoxicity was 
determined using the AlamarBlue™ Assay (Serotec, Inc., 
Diisseldorf, Germany). Fluorescence was monitored on a 
fluorometer (540 nm excitation, 590 nm emission, FLUOstar 
Optima, BMG Labtechnologies, Inc.). Each antibody con- 
centration was measured in quadruplicate. 



Whole Blood B Cell Depletion Assay 

Four hundred ninety microliters heparinized blood from a 
healthy FcyRIIIA-Val/Phel58 and FcyRIIC negative donor, 
were incubated at 37 C with 10 jiL PBS or 50-fold con- 
centrated antibody glycovariants (final concentrations of 0. 1 , 
1, 10, 100, 1, 000 ng/mL). After 24 h 50 uL blood were stained 
with a mixture of anti-CD 19- PE, anti-CD3-FlTC, and anti- 
CD45-CyChrome (BD Biosciences) for 15 min at room 
temperature. Before analysis. 500 uL PBS containing 2% 
FCS and 5 mM EDTA were added to the tubes. The CD3- 
FITC and CDI9-PE fluorescence of the blood samples were 
flowcytometrically analyzed by gating on all CD45-positive 
cells. B cell-depletion was determined by plotting the ratio of 
CD19-positive B cells to CD3-positiveTcells. Each antibody 
concentration was analyzed in triplicate. 



RESULTS 

Generation of Anti-CD20 Antibody Glycovariants 
Achieved by Co-Expression of GnT-lll or 
Chimeric GnT-lll Proteins 

Modulation of antibody glycosylation was achieved by 
co-expression of the genes coding for antibody and chimeric 
GnT-III proteins in HEK293-EBNA cells. In the chimeric 
proteins, the localization domain of GnT-III was replaced with 
those of various other Golgi-resident enzymes of the N-linked 
glycosylation pathway (Fig. I A). The oligosaccharide profiles 
obtained for the expressed antibodies indicate a significant 
impact of the enzyme localization on the outcome of the 
glycosylation process (Fig. 2A, Table I). The expression of 
GnT-III leads to antibodies with high proportions of bisected 
oligosaccharides, which can be fucosylated or non-fucosy- 
lated and of the complex or hybrid type. The assignment of 
these structures to the peaks was confirmed by digestion with 
EndoH, an enzyme digesting high manno.se and most hybrid, 
but not complex oligosaccharides. Thus, peaks at mlz 1,664 
and l,8IOshiftto l,460,and those at 1,826 and 1.972 to 1,622, 
confirming the increase in bisected, non-fucosylated hybrid 
{mlz 1,664 and 1,826) and their fucosylated versions (mlz 
1,810 and 1,972) upon recombinant expression of GnT-UI 
(Fig. 2A and B).The use of the localization domain of GnT-I, 
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Figure 1. A: pi.4-,V-acetylgIucosaminyltransferasc III (GnT-III) chimeric 
proteins. GnT-III with different localization domains were constructed by 
fusing the catalytic domain of GnT-III (gray) to the localization domain CTS 
(white), consisting of cytoplasmic tail, transmembrane domain, and stem 
region of other Golgi -resident enzymes. The length of the respective regions 
is indicated. In the last three constructs single amino acid substitutions are 
indicated. B: Western blot detection of GnT-III. Fifteen micrograms of cell 
lysatcs were separated on a 4-12% NU-PAGE gel (Invitrogen AG, Basel. 
Switzerland) and electroblotted to nitrocellulose membrane. Detection of 
GnT-III was performed via its C-terminal e-myc tag, while p-aetin detection 
served as an internal control for the amount of loaded extracts (Abeam Ltd, 
Cambridge. UK). 

qeI,6-FucT, GnT-II, or Manll, instead of that of GnT-III results 
in a further increase in the proportion of bisected non- 
fucosylated hybrid oligosaccharides (mainly mlz 1 ,664) linked 
to the secreted antibody. Among these chimeric proteins, GnT- 
III fused to the localization domain of Manll (GnT-III Man ") 
leads to the highest content of these carbohydrates (Table I, 
Fig. 2A). 



854 



Biotechnology and Bioengineering, Vol. 93, No. 5, April 5 r 2006 



DOI 10.1002/bit 



A 

unmodified 



1000 



2200 



#*~ . 1070 ^ ' 



2 ® 

it 



to 



.8 -/ 

! IS 

U L ; 



8 EndoH 



2200 



GnT-HI 



X * Amino acid 
R, b H. Man or GicNAc 
R ? a H. Man or GicNAc 
R 3 = H or bisecting GicNAc 
R 4 = H or Fuc 

Hybrid . R1 and/or R2 are H or Man 
Complex : R 1 and R2 are GicNAc 



I 

▼ 



r 

I 

+ - 1 




it R1 is GJcNAc and R2 Man. and viceversa j 



EndoH 



1000 



B 



m/z 



GnT-lll^'/IVIanll 



2200 







i— € 




S 

il 


il' , 


H 

i| V g • 


■ 
■ 
• 

• 
■ 


s 

" s s ^ 




<ml jr oo 7 to £ 








EndoH 


1 


ZLJ^J « j 



1339 «^ or 00^1339 



ivg 



1502 <*><£P 
1664<x<^ 

| EndoH 

1664 ™<Z 



i 



1502 



1502 



2200 



Figure 2. MALDI-TOF-MS spectra of neutral oligosaccharides from 
recombinant anti-CD20 IgGl glycovarinnls. The antibodies were produced 
in HEK293-EBNA cells engineered for expression of various forms of 
GnT-HI (sec Fig. I a I. The ////:. value corresponds to the sodium-associated 
oligosaccharide ion. A: MALDI-TOF-MS spectra of neutral oligosacchar- 
ides released from unmodified. GriT-lll-modihed. and GnT- II I Ma,,n - modified 
antibodies, Endnglycosidase H digestion (EndoH) was performed to confirm 
the increase in bisected nun-fucosylatcd hybrid (////: 1 .664 and 1,826) and 
their fucosylalcd versions {m/z 1,810 and 1,972) upon expression of 
recombinant GnT-HI. EndoH digestion of the released oligosaccharides 
causes a shift lor peaks ai ml:. 1.664 and 1,810 (to m/z 1.460) and of peaks 
at m/z 1.826 and 1 ,972 (to/;//; 1,622). Complex oligosaccharides, as peaks at 
m/z 1,689 and 1 .85 1 are not digested by EndoH. B: MALDI-TOF-MS spectra 
of neutral oligosaccharides released from antibodies engineered by co- 
expression with GnT-m Man " and Manll genes. In vitro galactosylation 
< **ivg** ) was performed to refine the oligosaccharide analysis and confirm 
that the peak ////: 1.339 corresponds to complex non-fucosylated oligosac- 
charides. 
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To assess if the localization domain of Man II itself and not 
the enzymatic activity of the catalytic domain of GnT-lU 
accounts for any of the oligosaccharide modifications, a 
catalytically inactive iGnT-III Mlinn chimeric protein was 
prepared by replacing residues Asp32l and Asp323 of GnT- 
III by alanine residues (Ihara et aL 2(K)2) (Fig. I A). The 
spectrum of the glycans modified by the inactive chimeric 
protein indicates that the catalytic domain of GnT-III is 
mainly responsible for the oligosaccharide profile of the 
GnT-III """-modified antibody. The reason for the minor 
increase in the fraction of complex non-Fucosylated oligo- 
saccharides needs further investigation (Table I ). To ascertain 
if a different expression level of the enzymes may account for 
the differences in the oligosaccharide patterns, the expression 
of GnT-III was quantified by Western blot analysis via a 
C-termina! c-myc tag (Fig. IB). Both GnT-llI Mi ' nl1 and 
GnT-III showed a slightly reduced expression compared to 
those of the other GnT-III chimeric proteins. 

We also evaluated the hypothesis that the existence of 
relatively well organized functional glycosylation reaction 
subcompartments within the medial and trans Golgi cisternac 
may account for the glycosylation profiles derived from the 
chimeric GnT-III proteins. Given that pairs of charged amino 
acid residues in the stem regions of GnT-I and Manll have 
been postulated as critical for oligomer formation between 
enzymes (Nilsson et aL, 1996), it was investigated if such a 
pairing could account for the GnT-III ManM -derived antibody 
glycosylation profile. Therefore the amino acid mutations 
R73N, L79S, and E81S (GnT-III mu,Man,U3a ^) or R60Q 
R73N, L79S, and E81S (GnT-^^ m,,Mimlh4i,1,, ) were intro- 
duced into the stem region of Manll (Fig. I A). Both mutants 
were expressed in similar amounts (Fig. IB) and yielded 
antibody glycovariants featuring substantially reduced 
proportions of bisected non-fucosylated oligosaccharides 
compared to the non-mutated GnT-IH Mann (Table I). 

Either GnT-III M;,,,,, or GnT-III was co-expressed with 
Manll to shift the biosynthetic pathway from hybrid to 
complex bisected oligosaccharides (Fig. 2B). The expression 
of both enzyme combinations lead to the generation of 
antibodies characterized by high proportions of complex type 
glycans lacking core-fucosylation, with the majority being 
bisected (Table I). In vitro gaiactosylation analysis confirmed 
that peaks atm/z 1 ,339 and 1 ,502, which were not digested by 
EndoH, could be assigned to non-fucosylated complex 
glycan structures, with only minor contribution of bi- 
sected non-fucosylated hybrid structures (Fig. 2, Table I). 
GnT-FTF' i,n " was also co-expressed with GnT-II, an enzyme 
that similarly to Manll directs the glycosylation pathway 
toward the formation of complex type glycans. This led to the 
accumulation of high mannose structures and a low 
proportion of bisected non-fucosylated oligosaccharides 
(data not shown), and this enzyme combination was not 
investigated further. 

Twoglyco-engineered antibodies, namely those produced 
either by transient co-expression with GnT-JII Mann (termed 
"Glyco-I," bearing mainly hybrid non-fucosylated bisected 
glycans) or with GnT-III Manl1 and Manll rGlyco-2/' bearing 
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Figure 3. iV-linked oligosaccharide biosynthetic pathway leading to 
complex or hybrid structures bearing a bisecting GlcNAc. The mass to 
charge (»?/;) value of the sodium-associated oligosaccharide ion obtained by 
MALDI/TOF-MS analysis is indicated next to the corresponding oligosac- 
charide structure. The shaded monosaccharides belong to the core of the 
oligosaccharide, shared by all naturally occurring N-linked glycoforms. the 
presence of the other sugars is variable. A bisecting A'-accty {glucosamine 
(GlcNAc; gray lean be [M,4 linked to the core mannose by the enzyme GnT- 
lU, as long as the oligosaccharide has been previously modified by GnT-I. 
y. 1 .6-r'ucosyltransfcrasc (ot 1 ,6-FueT) catalyses the addition of a fucose r 1 .6- 
linked to the GlcNAc residue attached to Asn. to any oligosaccharides that 
have not been modified by GnT-III or GalT. Complex and hybrid glycans 
structures are defined by the structure of the a 1, 6 arm. Manl, mannosidasc I; 
GnT-I. |3l.2-,V-acctylglucosaminyltransferase I: Manll. Golgi a-mannosi 
dase II; GnT-IL pi.2-.\'-acctylglucosaminyltransferase II: GalT, 31.4- 
galactosyliransferasc (GalT): GnT-III, pi.4-A/-acetylglucosaminyltransfer- 
ase III: al .6-FucT, core a 1 ,6- fucosy I transferase. 

mainly complex non-fucosylated bisected glycans) were 
examined for their affinity for FcyRllIa and compared either 
to the unmodified antibody or to an antibody glycovariant 
produced under the same conditions by transient co- 
expression of GnT-III ("Glyco-(T) (Fig. 3). 

FcvRllla Binding of Glyco-0, Glyco-1, and Glyco-2 
Anti-CD20 Monoclonal Antibodies 

Binding of glyco-engineered antibodies to FcyRIIIa was 
evaluated on peripheral human natural killer (NK) cells, 
which are known to be important mediators of ADCC, and to 
constitutively express FcyRIIIa. Binding to NK cells was 
performed by incubating the antibody glycovariants with 
freshly isolated NK cells from a donor who was genotyped as 
heterozygous for FcyRHIA-Val/Phel58 (Koene et al., 1997). 
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Both Glyco- 1 and Glyco-2 bind with a considerably higher 
affinity to NK cells than unmodified antibody (Fig. 4A). 
Under the transient gene expression levels of this study. GnT- 
III co-expression leads to an antibody (Glyco-0) with a lower 
level of bisected non-fucosylated oligosaccharides with 
intermediate FcyRIIla binding affinity. Antibody binding to 
NK cells occurred exclusively via FcyRIIla as it could be 
outcompeted by the addition of blocking anti-FcyRIIIa 
F(ab') 2 fragments (Fig. 4B). Similar results were obtained 
using a recombinant CHO cell line stably expressing the 
FcyRIIIa-Val 158 a-chain receptor (Fig. 4C). 

Biological Activity of Glyco-1 and Glyco-2 
Anti-CD20 Monoclonal Antibodies 

In a next step we investigated whether increased FcyRIIla 
binding correlates with an improvement in the biological 
activity of the glyco-engineered antibodies, which are 
characterized by bisected non-fucosylated oligosaccharides. 
Both glycovariants mediate an enhanced ADCC against 
CD20-positive Raji cells, independently of the Fc-linked 
glycans being of complex or hybrid type (Fig. 5A). 

Glyco- 1 and Glyco-2 were also evaluated for complement- 
dependent cytotoxicity (CDC) against CD20-positive tumor 
cells SKW6.4 in the presence of human serum (Fig. 5B). 
Glyco-2. bearing complex oligosaccharides, performs simi- 
larly to the unmodified antibody in CDC. For Glyco- 1 , on the 
contrary, a reduction in CDC is observed, correlating with 
high proportion of hybrid oligosaccharides that are char- 
acteristic for this glycovariant. 



To asses whether both ADCC and CDC can contribute to 
the elimination of target cells, we evaluated these glyco- 
engineered antibodies for B cell depletion in a whole blood 
assay (Fig. 5C). Glyco-1 and Glyco-2 anti-CD20 variants 
were over 100-fold more potent than unmodified anti-CD20 
in depleting B cells, while no significant difference could be 
observed between the two glycovariants, indicating a minor 
contribution of CDC. 

DISCUSSION 

Chimeric GnT-IH Proteins 

GnT-III is an ideal enzyme to manipulate the /V-glycosylation 
of expressed proteins (glyco-engineering), as it exerts a large 
degree of control over the glycosylation process by blocking 
the action of a 1 ,6-FucT, Manll, and GnT-II (Schachter, 1 986; 
Umana et al., 1999). While natural human IgG in serum 
contains low percentages of bisected oligosaccharides in the 
Fc region (Wormald et al., 1997), up to 40% bisected glycans 
were observed for antibodies produced in YB2/0 rat 
myeloma cell line (Lifely et al., 1995). In the present study 
the impact of the localization domain of GnT-III on the 
antibody glycosylation prolile was evaluated. We obtained 
antibodies with engineered carbohydrate moieties by co- 
expression of chimeric GnT-III proteins, composed of the 
catalytic domain of GnT-IU fused to the localization domain 
of GnT-I, al,6-FucT, GnT-II, or Manll (Fig. I A). As for the 
GnT-III-derived antibody, the resulting glycovariants feature 
a bisecting N-acetylglucosamine (GlcNAc) residue on 
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Figure 5. Biological activity assays Dl*umi-CD20 antibody glyco variants. A: ADCC using PBMCs (Fc;RIIIA-Val/Phcl58. FcyRlIC negative donor) as 
effectors and human lymphoma Kaji cells as targets. B: CDC against B lymphohlastoid SKW6.4 cells in the presence of human scrum as a source of 
complement. C: B-ccll depletion in whole blood (Pc;-RII1A-Val/Phe 158. R7RHC negative donor), which was calculated from the raituol CDI9-positivc B cells 
to CD.VposiiivoT cells as measured by FACS analysis. Q. unmodified: A* Glyco- 1 : and Glyco-2 antibodies. 



almost all oligosaccharide structures, indicating that all 
chimeric GnT-III proteins were active (Table I. Fig. 2A). 
Relative to GnT- Ill-modified antibody, use of chimeric 
GnT-III led to an increase in the fractions of bisected non- 
fucosylated, and ol" bisected hybrid oligosaccharides, 
indicating a more efficient competition of the chimeric 
GnT-III against ot 1, 6-FucT and Manll (Fig. 2A). 

Among the chimeric GnT-III proteins, GnT-in Ml,nl1 is the 
most efficient in the competition against the above-mentioned 
enzymes, leading to the antibody glycovariant with the highest 
proportion of bisected non-fucosylated hybrid oligosacchar- 
ides. Since the expression level of GnT-lII ManM was not higher 
than for the other chimeric proteins or GnT-III, we propose 
that the higher efficiency of GnT-Ill M;mM results either from 
a different distribution in Golgi compartments or from a 
different functional organization of enzymes within a 
compartment. This allows GnT-III to act immediately after 
GnT-I in the biosynthetic process, leading to higher levels of 
bisected, non-fucosylated hybrid oligosaccharides (Table I) 
relative to the other chimeric GnT-III proteins. 

Influence of the Manll Stem Region Residues on 
the Glycosylation Pattern 

The higher efficiency of the chimeric protein GnT-II I GnT "\ 
compared to the unmodified GnT-III. for the synthesis of 
bisected hybrid and bisected non-fucosylated oligosacchar- 
ides can be explained by an earlier Golgi distribution, in the 
ci.s-to-trans direction of glycoprotein substrate transport, of 
GnT-I relative to GnT-III. The fine Golgi distributions of 



GnT-I and Manll have been determined previously by 
quantitative immunoelectron microscopy (Rabouille et al., 
1995). Both enzymes co-distribute along the Golgi, being 
localized mainly in the medial and trans cistern ae (Dunphy 
etaL 1985: Rabouille et al., 1995; Velasco et al., 1993). The 
spatial distributions of 3l,6-FucT and GnT-II have not yet 
been determined quantitatively, but rat GnT-III has been 
found predominantly in the trans Golgi cisternae (Umana, 
1998). This, however, does not explain why the chimeric 
GnT-II I M;mH is significantly more efficient than GnT-I II GnT " 1 
at synthesizing bisected, hybrid, and bisected, non-fucosy- 
lated oligosaccharides, since both GnT-I and Manll have 
identical spatial distributions along the Golgi subcompart- 
ments. Additionally, the slightly lower expression level of 
GnT-in Man " compared to those of the other chimeric GnT-III 
proteins, indicates that the antibody glycoprofile is not a 
result of an increased enzyme expression level (Fig. I B), but 
a consequence of a more efficient processing of GnT-I- 
modified oligosaccharides, denoted here as "functional 
pairing" of GnT-III Manl1 with GnT-l. 

To assess if this functional pairing relies on a physical 
interaction between the two enzymes, we evaluated GnT- 
lj|M:>nii mu{ants w j m am j no m^jj substitutions in the 
localization domain of Manll which were reported to be 
critical determinants for the formation of hetero-oligomers of 
GnT-I and Manll (Nilsson et al., 1996). Although it has been 
suggested that these residues are not essential for incorpora- 
tion into high molecu lar weight complexes of Golgi enzymes 
or even for Golgi localization (OpatetaL 2000), it is possible 
that they are involved in a finer pairing of the catalytic 
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domains during oligosaccharide biosynthesis. We observed a 
significant reduction in bisected non-fucosylated hybrid 
oligosaccharides with these mutants (Table I). Both GnT- 
UjmuiManii mutanls were expresse( j at comparable levels as 

GnT-III Munli , excluding the expression level of the latter as 
being responsible for higher proportions of bisected non- 
fucosylated glycans (Fig. IB). However the exchanged 
residues do not seem to be the sole determinant of the 
resulting oligosaccharide product distribution, suggesting 
cither additional contributions of the rest of the stem or 
catalytic regions to functional enzyme pairing, or an 
enrichment of these enzymes in subcompartments caused 
by different mechanisms. Evidence for pairing may possibly 
he obtained via co-immunoprecipitation and electron 
microscopy experiments. Another possible explanation 
may be a conformational change caused by the modified 
stem region, which may lead to a catalytic domain with 
increased activity. Our data suggest that by virtue of the 
Muni I localization domain, a physical and/or a functional 
pairing takes place between the catalytic domains of the 
endogenous GnT-I and the recombinant GnT-iII Man " chi- 
meric protein. 

Co-Expression of GnT-lll Man " and Manll 

With the described approach, we are able to modulate the 
glycosylation pattern of antibodies from fucosylated com- 
plex glycans to bisected non-fucosylated hybrid oligosac- 
charides by overexpressing GnT-III Man1 \ The co-expression 
of GnT-IH ManM and Manll, or of GnT-lIl and Manll led to the 
formation of bisected non-fucosylated glycans of the 
complex type. Manll overexpression redirects the biosyn- 
thetic pathway causing the product shift from hybrid to 
complex carbohydrates (Fig. 2B, Table I). Although equally 
high levels of bisected non-fucosylated complex oligosac- 
charides can be synthesized by high level expression of 
GnT-lII, the results presented here show that GnT-III Manl1 is 
more efficient at adding a bisecting GlcNAc residue to the 
GnT-I -processed oligosaccharides prior to the reactions 
catalyzed by Manll, GnT-IL and oc 1 ,6-FucT. 

Similarly to Manll, GnT-lI was co-expressed with GnT- 
UjManii w j t ^ t | ie j ntent 0 f f orm j n g complex type glycans 

linked to the antibody. The resulting glycovariant had lower 
proportions of bisected non-fucosylated (37%) and complex 
(22%) glycans compared to the GnT-Nl Mlin,l /ManlI-derived 
antibody (data not shown). Moreover, a significant fraction of 
high mannose oligosaccharides characterized this glycovar- 
iant, suggesting an influence of the overexpression of GnT-II 
on the maturation process of high mannose glycans. Under 
these conditions, the enzyme seems to inhibit the GnT-I- 
mediated reaction (Table I) by unknown mechanisms. A 
similar phenomenon was reported for overexpression of 
(51,4-GalT, which led to an enrichment of high mannose 
oligosaccharides on recombinantly co-expressed IFN-y 
(Fukuta et al., 2001). Although the cellular localization of 
GnT-JI is yet to be discovered, high molecular weight 
complexes between GnT-I and GnT-II have been found in 



Golgi extracts of mammalian cells (Opat et al., 2000). The 
formation of such complexes might be disturbed by GnT-II 
overexpression. 

We could show that the formation of a desired carbohy- 
drate profile can be achieved by the combination and 
overexpression of enzymes, although not all the potential 
enzymes are suitable for this purpose, indicating that the 
glycosylation process is governed by a well-balanced system 
of enzymes that needs further elucidation. 

Biological Activity of Glyco-Engineered Antibodies 

A high affinity to FcyRlIIa is important for ADCC, which is 
mediated by unconjugated therapeutic antibodies in humans. 
This was deduced from pioneering pharmacogenomic 
studies evaluating the impact of the FcyRIIlA polymorph- 
isms on the activity of rituximab in lymphoma patients 
(Cartron et al., 2002). In that study, the objective response 
rates at 2/12 months were 100/90% for homozygous 
FeyRIIJA-Val 1 58 and 67/5 1 % for FcyRWA-Phe 1 58 carriers, 
respectively. The superior response of the former seems to be 
the result of a significantly increased binding of the antibody 
lo FcvRIIIa-Vall58 compared to Fc/RIIIa-Phel58 (Koene 
etal., 1997). 

Glyco- 1, featuring mainly bisected non-fucosylated 
hybrid glycans, and Glyco-2, bearing mainly bisected non- 
fucosylated complex carbohydrates, were examined for their 
binding to FcyRllla and their reactivity in cytotoxicity 
assays. Both Glyco- i and Glyco-2 have an increased affinity 
for FcyRIIIa, which correlates with high proportions of 
bisected non-fucosylated oligosaccharides but seems inde- 
pendent of the glycans being of the hybrid or complex type. It 
has been reported that the absence of core fucose is 
responsible for an increased affinity to FcyRIIIa (Shields 
et al., 2002). Moreover, the absence of core fucose but not the 
presence of galactose or bisecting GlcNAc was reported to be 
responsible for increased ADCC under the tested conditions 
(Shinkawa et al., 2003). 

Both Glyco- 1 and Glyco-2 mediate an increased ADCC to 
a similar extent compared lo the unmodified antibody, but 
feature a different reactivity in CDC assays. While Glyco-2 
acts similarly to the unmodified antibody, Glyco- 1 displays a 
reduced CDC, suggesting a significant influence of the 
glycan type (complex vs. hybrid). The main difference 
between Glyco- 1 and Glyco-2 is the structure of their 
carbohydrate g|,6-arm. In contrast to Glyco- 1, carrying 
hybrid glycans with mannose residues oc 1 ,3- and ot 1 ,6-linked 
to the 2-6 arm. Glyco-2 and unmodified antibodies have 
mainly P 1 .2-linked GlcNAc residues at this position 
(complex glycans), which may be followed by galactose. 
This carbohydrate arm is in close contact with the IgG-Cy2 
domain polypeptide and may therefore influence domain 
conformations required for binding to Clq (Duncan and 
Winter, 1988; Huber et al., 1976: Idusogie et al., 2000). An 
even larger reduction in CDC was reported for antibodies 
featuring only high mannose oligosaccharides (Wright and 
Morrison, 1994). 



Ferrara et al.: Glycosylation Engineering of Therapeutic IgGs 859 

Biotechnology and Bioengineering. DOI 10.1002/bit 



The glyco-engineered antibodies also performed better 
than their unmodified counterparts in the depletion of B-cells 
in a whole blood assay, where both ADCC and CDC 
contribute to the elimination of target cells. The reduction in 
CDC activity, observed for Glyco- 1 , does not seem to affect 
our model of B-cell depletion in whole blood, suggesting that 
ADCC is the predominant mechanism in this assay. More- 
over us first-dose-related side effects in vivo have been 
recently attributed to complement activation (van der Kolk 
et aL 200 1; Winkler etaL 1999). Glyco- 1 may provide a tool 
to prevent these problems. 

We could therefore demonstrate that apart from modulat- 
ing glycosylrransferase expression levels, engineering of 
Golgi localization domains can also be exploited for the 
production of tailored glyco-engineered therapeutic anti- 
bodies with unique combinations of biological activities. 

Wc would like lo thank Rene Fischer (Laboratory of Organic 
Chemistry. RTH Zurich. Switzerland) lor providing the HEK293- 
EBNA cell line and Patrik Buholzcr. Christian Gerdes. Samuel 
Hnldanc. Saskia Karg. Julia Maria Martinez. Peter Sonde rmann. and 
Manuel Spani for assistance and useful comments on this manuscript. 
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Antibody glycoengineering by constitutive co-expression of recombinant, wild-type pl,4- 
N-acetylglucosaminyltransferase m (GnT-HI) and Golgi a-mannosidase EE (Manll) in 
stable, industrial grade CHO cells producing a recombinant antibody 



Figure 1 
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Figure 1 shows the glycosylation profile for the Fc-region oligosaccharides of a non- 
glycoengineered recombinant antibody produced in CHO cells. The three major peaks (m/z 
1486, 1648 and 1810) correspond to fucosylated complex oligosaccharides, and level of non- 
fucosylated oligosaccharides is below 10%, which is typical for non-glycoengineered 
antibodies produced by CHO cells. The oligosaccharide profile was determined by 
MALDI/TOF-MS in positive ion mode for oligosaccharides enzymatically released from the 
antibody by PNGaseF treatment. 
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Figure 2 shows the glycosylation profile for the Fc-region oligosaccharides of a 
glycoengineered recombinant antibody produced in CHO cells. Glycoengineering was 
achieved by constitutive co-expression of recombinant, wild-type pl,4-N- 
acetylglucosaminyltransferase HI (GnT-IET) and Golgi a-mannosidase II (Manll) in stable, 
industrial grade CHO cells producing a recombinant antibody. Industrial grade means that the 
cells grow (with a doubling time lower than 40 hours) in suspension in chemically-defined 
protein-free medium and produce over 0.5 g/1 of antibody under batch process conditions. 
Glycoengineering leads to increased levels of non-fucosylated oligosaccharides relative to 
levels produced in non-glycoengineered CHO cells (peaks at m/z 1339, 1543 and 1705 are 



non-fucosylated complex oligosaccharides and represent over 70% of the oligosaccharides). 
The oligosaccharide profile was determined by MALDI/TOF-MS in positive ion mode for 
oligosaccharides enzymatically released from the antibody by PNGaseF treatmen t. 

Fiaure 3 Fc-FcR binding of antibodies to CHO cells stably 
^ expressing recombinant human FcgRIII 
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Figure 3 shows increased binding to FcgRIII for a glyco engineered antibody, having 
increased levels of non-fucosylated Fc-oligosaccharides (glycoengineering as described above 
for Figure 2), relative to a non-glycoengineered antibody with identical Fc polypeptide region. 
Binding assay was performed as described in 



Figure 4 Increased biological activity (antibody dependent killing of B-cells In 
whole blood) by a glycoengineered antibody with Increased levels of 
non-fucosylated oligosaccharides 
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Figure 4 shows increased antibody-dependent killing of target cells for a glycoengineered 
antibody with increased levels of non-fucosylated Fc-oligosaccharides (glycoengineered as 



described above for Figure 2) relative to a non-glycoengineered antibody with identical Fc 
polypeptide region. B-cell antibody-dependent-depletion assay performed by incubating 
antibodies with whole blood overnight and measuring the levels of remaining, living B-cells 
by flow cytometry (T-cells are used as an internal standard that is not depleted by the anti- 
CD20 antibodies). Assay details are as described in 



More specifically, the present invention is directed to a method for producing an 
altered glycofonns of proteins having improved therapeutic values, e.g. , an antibody 
which has an enhanced antibody dependent cellular cytotoxicity (ADCC), in a host cell. 
The invention provides host cells which harbor a nucleic acid encoding the protein of 
interest, e.g., an antibody, and at least one nucleic acid encoding a glycosyl transferase. 
Further, the present invention provides methods and protocols of culturing such host 
cells under conditions which permit the expression of said protein of interest, e.g., the 
antibody having enhanced antibody dependent cellular cytotoxicity. Further, methods 
for isolating the so generated protein having an altered glycosylation pattern, e.g. , the 
antibody with enhanced antibody dependent cellular cytotoxicity, are described. 

Furthermore, the present invention provides alternative glycofonns of proteins 
having improved therapeutic properties. The proteins of the invention include antibodies 
with an enhanced antibody-dependent cellular cytotoxicity (ADCC), which have been 
generated using the disclosed methods and host cells. 

IV. BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 depicts structures of common types of N-linked oligosaccharides and 
nomenclature. M stands for mannose; Gn, N-acetylglucosamine (GlcNAc); G, 
galactose; Gn b , bisecting GlcNAc; R, Asn-Gn-01,4-Gn or Asn-Gn-01,4-(al,6-fucose)- 
Gn. R-M is called the oligosaccharide "core". The square brackets indicated that at 
least one Gn is linked to a G. the oligosaccharide nomenclature used in this work 
consists of enumerating the M and Gn residues attached to the R group, indicating the 
presence of a bisecting GlcNAc by including a Gn b , and indicating if the oligosaccharide 
is galactosylated by including a G. The two types of tri-antennary oligosaccharides are 
differentiated by addint an apostrophe to the Gn 3 term. 

FIGURE 2 depicts central reaction network on the N-linked glycosylation 
pathway. This set of Golgi-localized reactions determines the major types of structures 
into which N-linked oligosaccharides are normally classified. The enzyme catalyzing 
each reaction is shown and all reactions have been numbered. The reaction numbers are 
used to denote the kinetic parameters associated with each reaction {see, TABLE IV for 
example). 
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B. A Mathematical Model Of N-Linked GlycoTorm Biosynthesis 
1. Overview 

Metabolic engineering of N-linked oligosaccharide biosynthesis to 
produce novel glycofonns or glycoform distributions of a recombinant glycoprotein can 
potentially lead to an improved therapeutic performance of the glycoprotein product. 
Effect engineering of this pathway to niaximize the fractions of beneficial glycoforms 
within the glycoform population of a target glycoprotein can be aided by a mathematical 
model of the N-linked glycosylate process. A mathematical model is presented here, 
whose main function is to calculate the expected qualitative trends in the N-linked 
oligosaccharide distribution resulting from changes in the levels of one or more enzymes 
involved in the network of enzyme-catalyzed reactions which accomplish N-linked 
oligosaccharide biosynthesis. It consists of mass balances for 33 different 
g oligosaccharide species N-linked to a specific protein that is being transported through 

ijj the different compartments of the Golgi complex. Values of the model parameters 

| describing Chinese hamster ovary (CHO) cells were estimated from literature 

CO information. A basal set of kinetic parameters for the enzyme-catalyzed reactions acting 

^ on free oligosaccharide substrates was also obtained from the literature. The solution of 

O the system for this basal set of parameters gave a glycoform distribution consisting 

fy mainly of complex-galactosylated oligosaccharides, distributed in structures with 

| different numbers of antennae in a fashion similar to that observed for various 

recombinant proteins produced in CHO cells. Other simulations indicate that changes in 
the oligosaccharide distribution could easily result from alteration in glycoprotein 
productivity within the range currently attainable in industry. The overexpress of N- 
acetylglucosaminyltransferase III (GnT III) in CHO cells was simulated under different 
conditions to test the main function of the model. These simulations allow a comparison 
of different strategies, such as simultaneous overexpression of several enzymes or spatial 
relocation of enzymes, when trying to optimize a particular glycoform distribution. 

The mathematical model disclosed herein consists of mass balances for 33 
different oligosaccharide species N-linked to a specified protein that is being transported 
through the different compartments of the Golgi complex. These equations relate the 
oligosaccharide mole fractions to the amounts of the different enzymes, the kinetic 
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constants of the reactions, the distribution of enzymes in the different compartments, the 
half-life of the protein in the Golgi, the volume of the compartments, and the specific 
glycoprotein productivity. Values for the parameters in the model and their normal 
ranges can either be found in the literature or estimated from literature information. 
Some of the parameters are specific for each cell line. Those describing Chinese 
hamster ovary (CHO) cells were used here, since CHO cells are currently the most 
common host for the industrial production of therapeutic glycoproteins. Numerical 
simulations of the model with these values of the parameters gave glycoform 
distributions similar to those observed for some proteins produced in CHO cells. 

One characteristic of the glycosylation pathway makes its modelling different 
from that of other biochemical pathways. Oligosaccharides have some degree of 
conformational flexibility and, through interactions with the polypeptide chain, certain 
conformations can be preferentially stabilized. Wyss and Gerhard, 1996, Current 
Opinion Biotechnol. 7:409-416. In addition, the polypeptide backbone around the 
glycosylation site may limit the access of the catalytic sites of the enzymes to the 
oligosaccharide. Shao and Wold, 1995, Eur. J. Biochem. 228:79-85. As a result, a 
particular glycosylation site can have its own set of values for the kinetic constants of 
the enzyme-catalyzed reactions. These values can be different from those of other 
glycosylation sites in the same or other proteins. The occurrence of this phenomenon 
can be inferred from the numerous examples where very different oligosaccharide 
distributions have been observed for different glycosylation sites of the same protein, 
even though all other system variables were identical for all sites during biosynthesis. 
Nevertheless, the range of values of the kinetic constants for oligosaccharides on some 
glycoproteins lies close to the corresponding range for soluble oligosaccharides (Do et 
al., 1994, /. Biol. Chem. 26^:23456-23464; Rao and Mendicino, 1978, Biochemistry 
17:5635-5638; Gross et al., 1990, Anal. Biochem. 186:127-134. Motivated by this 
observation, the constants for the latter were used as an initial approach to test the 
model and to study some aspects of its general behavior. 
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2. Physical Model 

The N-linked glycosylation pathway consists of enzyme-catalyzed 
reactions which first attach a common oligosaccharide precursor to appropriate 
glycosylation sites in a polypeptide and then modify the linked oligosaccharides to 
produce a heterogenous set of glycoforms. Kornfeld and Kornfeld, 1985, Arum. Rev. 
Biochem. 54:631-664. Potential glycosylation sites are asparagine residues in the 
sequence Asn-X-Ser/Thr. The reactions take place in the endoplasmic reticulum (ER) 
and in the Golgi complex (Golgi) as proteins are transported through these cellular 
compartments en route to their final destinations. These destinations may be, for 
example, the ER or Golgi themselves, the plasma membrane, or the extracellular space. 

The initial covalent attachment of the oligosaccharide precursor to the protein 
takes place during translocation of the latter into the lumen of the ER. Not all the 
translocated molecules acquire oligosaccharides in their potential glycosylation sites, and 
the fraction that does may vary between sites. The type of glycoform heterogeneity 
which thus results is called glycoform macro-heterogeneity. Shelikoff et ai, 1996, 
Biotechnol. Bioeng. 50:73-90. Once in the ER, the N-linked oligosaccharides are 
trimmed down by glycosidases which can sequentially remove three molecules of 
glucose and, sometimes, one of mannose. The glycoproteins are then transported to the 
Golgi where a different set of glycosidases and glycosyltransferases act on the N-linked 
oligosaccharides and lead to a diversity of structures. Such type of heterogeneity in the 
identity of the attached oligosaccharides is referred to as glycoform micro-heterogeneity. 

A mathematical model of glycoform macro-heterogeneity has been published 
recently. Shelikoff et al. ,1996, supra. It incorporates different factors that determine 
the extent of the first transfer reaction of the pathway. In contrast, the model presented 
below is concerned with glycoform micro-heterogeneity. More specifically, it deals 
with a set of eight Golgi-localized enzymes which together determine the distribution of 
oligosaccharides into the following major structural classes: high mannose, hybrid, bi-, 
tri-, tri'- and tetra-antennary complex, bisected hybrid, and bisected bi-, tri-, tri'-, and 
tetra-antennary complex oligosaccharides (FIGURES 1 and 2). Thirty-three different 
oligosaccharide species are involved in 33 reactions catalyzed by these enzymes; 
including 5 high-mannose, 3 hybrid, 3 hybrid-galactosylated, 4 complex (bi-, tri-, tri', 
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and tetra-antennary complex), 4 complex-galactosylated, and the 14 bisected 
counterparts of the hybrid and complex oligosaccharides. The products of this set of 
reactions can be processed further in the Golgi through more transferase-catalyzed 
reactions that increase glycoform micro-heterogeneity. 

The major elements of the physical model are: (a) the different Golgi 
compartments where the reactions take place and the transport of proteins between them, 
(b) the central network of enzyme-catalyzed reactions, and (c) the spatial distribution of 
these enzymes in the different Golgi compartments. 

Golgi Compartments. The Golgi complex consists of a series of distinct, 
membrane-bounded compartments. Proteins destined to the extracellular space, plasma 
membrane, lysosomes, endosomes, or secretory storage fesicles are transported from the 
ER to the first Golgi compartment, the cis-Golgi network (CGN). From there, they 
□ travel in sequential order through the remaining compartments of the series; the cis- 

| medial-, and trans-Golgi cisternae, which together comprise the Golgi stack; and then to 

the trans-Golgi network (TGN), the final sorting place. Rothman and Orci, 1992, 
Nature 3J5:409-415. There is some controversy about the number of cisternae in the 
Golgi stack, but in the present model only three are considered. 
J Proteins are transported between compartments by vesicles which bud off from 

fU the membrane of one compartment and fuse to the next in the series. Rothman and 

| Wieland, 1996, Science 272:227-234. Secreted and plasma membrane proteins appear 

to go through the Golgi by a "bulk flow" mechanism. These proteins enter vesicles by 
default, i.e., in the absence of specific transport or retention signals, and therefore at 
their bulk concentration in the donor compartment. Proteins which reside in the ER or 
Golgi require retention signals that allow them to be concentrated in the appropriate 
compartments. Such residency is not permanent and their relative concentration in a 
particular region is also aided by retrieval-vesicles that recognize transport signals in 
escaped proteins and return them to previous compartments. 

For the physical model, four of the five Golgi compartments mentioned above 
are considered as a system of four reactors in series. The modelled compartments are 
the cis-, medial-, and trans-Golgi cisternae, and the TGN. This selection is based on 
immuno-electron microscopy studies that localize the enzymes included in the present 
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model to these compartments. Nilsson et aL, 1993, J. CelL Biol. 120:5-13; Rabouille 
et aL, 1995, /. Cell Science 108:1617-1627. The chemical reactions catalyzed by these 
enzymes are described next. 

Central Reaction-Network. The N-linked glycosylation pathway of mammalian 
5 cells has been deduced by a combination of in vitro and in vivo biosynthetic studies. 

Kornfeld and Kornfeld, 1985, supra; Schachter, 1986, Biochem. Cell Biol. 64:163-181. 
Although many enzymes participate in the pathway, a subset of mem determines the 
distribution of oligosaccharides into 33 different species which together define the high 
mannose, hybrid, hybrid-bisected, complex and complex-bisected types. The network of 
10 reactions catalyzed by this subset is called the "central reaction network" (CRN). The 

CRN considered in the present model is depicted in FIGURE 2. 

The first enzyme of the CRN is Golgi al,2-mannosidase I (Man I), which can 
cleave al,2-linked mannose residues from M 9 -M< to finally produce M 5 (see, 
jp nomenclature in FIGURE 1), corresponding to reactions 1 to 4 in FIGURE 2. All 

J| eukaryotic cells have an orl,2-mannosidase in the ER that can also catalyze reaction 1. 

W Therefore, the initial substrate for the Golgi CRN is a mixture of M 9 and M 8 

; oligosaccharides. Compounds M, to M 5 constitute the high-mannose class of N-linked 

oligosaccharides. The synthesis of hybrid and complex oligosaccharides then follows as 
fy described above. 

An N-acetylglucosamine (glCNAc) can be transferred to the al,3-manhose 
branch of M s by /Jl,2-N-acetylglucosaminyltransferase I (GnT I) to yield M 5 Gn, the first 
hybrid oligosaccharide. M 5 Gn is a substrate for a-mannosidase II (Man II), which 
catalyzes the removal of two mannose residues resulting in hybrids M<Gn (Reaction 6) 
and M 3 Gn (reaction 7). The free al,6-mannose branch of M 3 Gn is then available for 
extension by GnT II to produce M 3 Gn 2 , a complex bi-antennary oligosaccharide. M 3 Gn 2 
may be branched further by GnT IV or GnT V. GnT IV adds a GlcNAc in a 01,4- 
linkage to the orl,6-mannose branch, leading to the tri-antennary complex 
oligosaccharide M 3 Gn 3 . GnT V catalyzes a GlcNAc transfer in ajSl,6-linkage to the 
al,3-mannose branch and produces the tri-antennary complex oligosaccharide M 3 Gn 3 '. 
The tetra-antennary complex compound M 3 Gn, can be synthesized both by GnT IV from 
M 3 Gn 3 ' (reaction 11) and by GnT V from M 3 Gn 3 (reaction 12). 
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All hybrid and complex oligosaccharides contain non-reducing-end GlcNAcs 
which may be extended by /31,4-galactosyltransferase (GalT, reaction 13 to 19). Once a 
galactose residue is transferred, the modified oligosaccharide is no longer a biosynthetic 
substrate for any of the rmaining GnTs or for Man II. Schachter, 1986, supra. All of 
the branches in any complex oligosaccharide serve as substrates for GalT, but do so 
with different affinities. Pacquet et al., 1984, J. Biol. Chem. 259:4716-4721. In the 
present model, these reactions are lumped together in single steps which remove the 
compound from the flux through reactions 1 to 12. 

The reactions mentioned to this point take place in common industrial cell lines, 
such as CHO cells and baby hamster kidney (BHK) cells, used for the production of 
recombinant glycoproteins. Jenkins et al, 1996, Nature Bioltechnol. 14:975-981. An 
additional set of reactions (20 to 33) is also important for determining the major classes 
of N-linked oligosaccharides in cell lines expressing GnT in. Examples of these cell 
lines are a glycosylation mutant of CHO cells named Lee 10 (Stanley and Campbell, 
1984, /. Biol. Chem. 261:13370-13378) and rate myeloma (Y0) cells (Lifely et al., 
1995, Gfycobiology 315:813-822. As indicated in reactions 20 to 26, GnT in can 
modify any non-galactosylated hybrid or complex oligosaccharide by transferring a 
GlcNAc residue in a /M,4-linkage to the core mannose. The transferred residue is 
called a bisecting GlcNAc (Gn b ), and the products of these reactions are referred to as 
bisected oligosaccharides. GalT cannot extend the Gn" residue, but it may modify all 
the other non-reducing-end GlcNAcs of any bisected oligosaccharide (reactions 27 to 
33). 

The final products of the CRN are usually modified further in the Golgi by the 
addition of sialic acids, poly-N-acetyllactosamine, fucose, N-acetylgalactosamine, 
sulphate, and al,3-linked galactose. Wild type CHO cells only add sialic acids (in 
a2,3-linkages to galactose), fucose (al ,6-linked to the oligosaccharide core, see, R in 
FIGURE 1), and poly-N-acetyllactosamine (to various antennae but preferentially to that 
synthesized by GnT V). The addition of fucose to the core of oligosaccharides can take 
place at any point after reaction 5 of the CRN.b ut it is also blocked by the 
modifications that GalT or GnT III introduce. Core-fucosylated oligosaccharides can go 
through the rest of the CRN in the same way as their non-fiicosylated counterparts, 
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FIGURE 2 
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INTRODUCTION 

Carbohydrate chains can directly mediate or modulate the function of glycopro- 
teins in diverse biological processes. 1 The ability to manipulate the oligosaccharide 
structures of glycoproteins in order to alter their biological properties would be of 
obvious value. This is particularly relevant with regard to biologically important 
molecules such as growth factors, hormones, and other therapeutic agents that are 
being produced in cultured 6ells. Altering the sugar chains of these glycoproteins 
may improve their therapeutic value by increasing their efficacy, altering their 
circulatory half-lives, and/or increasing their target specificity. In addition, altered 
glycosylation of cell-surface components may provide insight to the precise roles 
that cell-surface glycoconjugates play in processes such as migration, adhesion, 
development, and malignancy. 

Several methods have evolved to alter glycosylation in cells. These have in- 
cluded the use of reagents that inhibit glycosylation as well as inhibitors of 
glycosylation processing. 2 These inhibitors have been widely used to study the 
sugar chains of glycoconjugates, but many of these reagents are toxic to cells, and 
in some instances, their effects'Sre only partial. Another approach has been to use 
mutagenized cells that are resistant to the toxic effects of specific lectins due to 
deficiencies in corresponding glycosylation reactions. 3 One limitation of this ap- 
proach is that mutants are not generated at each step of the biosynthetic pathway. 
In addition, both of these approaches are of limited use for obtaining large, complex 
oligosaccharides, inasmuch as they result in the formation of incomplete or trun- 
cated carbohydrate structures. 

One method that overcomes these limitations and that allows one to selectively 
manipulate oligosaccharide structure is to express cloned genes for glycosyltrans- 
ferases into mammalian cells. As more genes for these enzymes are cloned, the 
possibilities for altering the biosynthetic pathways of oligosaccharide in cells could 
be substantial. It is this new approach that will be the focus of this review. 

°This work was supported by NIH Grant HD 22590 to Barry D. Shur. 
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GLYCOSYLTRANSFERASES 

Glycosyltransferases are enzymes localized to the endoplasmic reticulum and 
Golgi complex of all mammalian cells. These enzymes catalyze the transfer of sugars 
donated from either lipid or nucleotide intermediates to mono- and oligosaccharide 
acceptors. To date, more than a dozen different glycosyltransferases have been 
cloned and characterized. 4 Although some of these enzymes share common sub- 
strates, they show very little sequence homology. The topology and domain struc- 
tures of all the cloned glycosyltransferases, however, are remarkably similar in that 
all are type II membrane glycoproteins containing short cytoplasmic domains and 
large lumenal catalytic domains. The availability of cDNAs for many of these 
enzymes makes it possible to reintroduce them into host cells and to subsequently 
affect glycosylation. 

Alteration of glycosylation through genetic manipulation of glycosyltransferases 
can be classified into two categories: the expression of glycosyltransferases that are 
not normally active in the host cells (exogenous glycosyltransferases), and over- 
expression of glycosyltransferases in host cells containing endogenous activities of 
these enzymes (endogenous glycosyltransferases). The first approach has been the 
most extensively studied because screening for alterations in glycosylation is rela- 
tively simple, requiring the detection of hovel oligosaccharides on the cell surface 
using antibody and/or lectin probes. The second approach, on the other hand, re- 
quires more rigorous quantitative analysis because increasing the levels of glycosyl- 
transferases would most likely not generate different types, but rather, different 
amounts of oligosaccharide structures. 

✓ 

GENETIC MANIPULATION OF 
GLYCOSYLTRANSFERASE EXPRESSION 

Exogenous Glycosyltransferases 

With few exceptions, the introduction of exogenous glycosyltransferases has 
used enzymes that act on terminal glycosylation, such as fiicosylation and sialylation. 
The following section describes some studies that have used this approach to modify 
glycosylation. 

A. al,3 Fucosyltransferase (al,3 FT) catalyzes the transfer of fucose (Fuc) from 
GDP-fucose to JV-acetylglucosamine (GlcNAc) of an #-acetyUactosamine unit. Sev- 
eral reports have demonstrated that introducing the cDNA for this glycosyltrans- 
ferase into Chinese hamster ovary (CHO) cells lacking this activity results in the 
biosynthesis of fucosylated ^-acetyllactosamine, also known as the Lewis x (Le*) 
antigen. 5 " 7 This oligosaccharide is of biological interest because it is the ligand for 
the ELAM receptor on endothelial cells and is required for lymphocyte homing. The 
ability to synthesize large quantities of oligosaccharides and glycoproteins contain- 
ing Le x is of considerable interest, because these oligosaccharides may have potential 
therapeutic applications in the treatment of inflammation 8 and, perhaps, malignant 
invasion. 9 

B. al,2 Fucosyltransferase (al,2 FT) catalyzes the transfer of Fuc from GDP- 
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fucose to galactose (Gal) residues, resulting in the formation of the H blood group 
antigen. Similar to the studies with al,3 FT, the introduction of the cloned gene for 
al,2 FT into COS-1 cells, which lack this enzymic activity, results in the formation 
of H blood group antigen. 10 

C. ctl,3 Galactosyltransferase (al,3 GT) catalyzes the transfer of Gal from 
UDP-Gal to terminal Gal residues of oligosaccharide chains. Transfection of al,3 
GT into CHO cells results in the expression of al,3 Gal-containing oligosaccha- 
rides. 11 Furthermore, the expression of this enzyme results in a concomitant decrease 
in terminal sialylation of sugar chains in these cells. Thus, this study also shows that 
competition between different glycosyltransferases can affect glycosylation in vivo, 

D. <x2,6 Sialyltransferase (a2,6 ST) catalyzes the transfer of sialic acid (SA) 
from CMP-SA to terminal Gal residues. Transfection of the cDNA encoding this 
protein into CHO cells results in the expression of appropriately sialylated sugar 
chains. 12 As was the case for example C above, there is competition for substrates 
between the transfected sialyltransferase and a similar endogenous enzyme that adds 
SA in an a2,3 linkage to Gal. 

E. pl,3 Galactosyltransferase (01,3 GT) catalyzes the transfer of Gal to terminal 
GlcNAc residues in the biosynthesis of type 1 (Gal pl,3 GlcNAc) Af-acetyllactosa- 
mine chains. This class of oligosaccharides is of particular biological and structural 
importance because it serves as the core structure for various blood group activities. 
Transfection of the cDNA encoding this enzyme into human colonic cells results in 
the biosynthesis of type 1 AT-acetyllactosamine-containing oligosaccharides. 13 In 
addition, many of these chains were further modified with SA and Fuc residues. In 
contrast to the studies described above, this study is unique in showing that the 
expression of gly cosy ltransf erase acting early in oligosaccharide biosynthesis (i.e., 
during elongation) can also alter glycosylation. 

Endogenous Glycosy ltransf erase 

To date, the only example of over-expression of an endogenously expressed 
glycosyltransferase is that of pi,4 galactosyltransferase (pi,4 GT). pi,4 GT cata- 
lyzes the transfer of Gal from UQP-Gal to terminal GlcNAc residues in the bio- 
synthesis of type 2 (Gal pl,4 GlcNAc) A^-acetyllactosamine cores of all iv"4inked 
complex oligosaccharides. (31,4 GT is unique among the cloned glycosyltransferases 
in that one gene encodes two similar forms of the enzyme that differ by an additional 
13 amino acids at the cytoplasmic N-terminus of the long form that is not present 
in the short form of the enzyme. 14,15 Both the long and the short form are localized 
primarily in the Golgi complex. However, the long form of GT is also targeted to 
the plasma membrane, 15 where it associates with the cytoskeleton and functions as 
a cell-adhesion molecule. 16 

Because of the central role this enzyme plays in the biosynthesis of AT-acetyl- 
lactosamine-containing oligosaccharides, the effects of overexpressing this enzyme 
were explored in detail. Transfection of the cDNAs encoding the two forms of (31,4 
GT into F9 embryonal carcinoma cells expressing endogenous enzyme results in a 
threefold increase in total pi,4 GT activity compared to control cells. 17 Analysis of 
[ 3 H]Gal-labeled glycoproteins and glycopeptides by a variety of methods revealed 
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no significant quantitative or qualitative differences in glycosylation. Similar anal- 
ysis of a specific glycoprotein, lysosomal-associated membrane glycoprotein 
(LAMP)-l indicated no differences in glycosylation between the transacted and 
control cell lines. The inability of transfected pl,4 GT to affect glycosylation was 
not due to an absence of GT substrates, inasmuch as an excess of substrate was 
detected in lysed cells using endogenous and exogenous GT. The transfected GT 
were properly targeted to the Golgi complex, and, more importantly, were elevated 
in this compartment in the transfected cells. Thus, in these cells, pi,4 GT is not rate 
limiting for oligosaccharide biosynthesis. 

SUMMARY 

The alteration of oligosaccharide structures through genetic manipulation of 
glycosyltransferase activities is now a reality. It is-apparent that this technique has 
greater consequences on oligosaccharide stnicture when an exogenous enzyme is 
introduced into cells, and in particular when this enzyme is responsible for a terminal 
glycosylation step. By contrast, only one study has examined the effects of over- 
expressing an endogenous glycosyltransferase, in which there was no detectable 
effect on glycosylation. However, there are still other key regulatory biosynthetic 
enzymes, such as GlcNAc transferase V and pi, 3 GlcNAc transferase, whose over- 
expression may alter glycosylation. Both of these enzymes are required for the 
biosynthesis of polylactosaminoglycans (polymers of JV-acetyllactosamine disaccha- 
rides), and their elevation in tumor cells correlates with increased expression of 
polylactosaminoglycans. 18 ' 19 Recently, the gene encoding GlcNAc transferase V has 
been isolated, 20 but its transfection into cells and characterization of the resulting 
oligosaccharides awaits further study. 

Alternate strategies for modifying oligosaccharide structures could involve the 
introduction of more than one glycosyltransferase into cells to ensure the availability 
of biosynthetic intermediates. Alternatively, the disruption of specific glycosyltrans- 
ferase genes by homologous recombination could be used to eliminate competing 
glycosyltransferases that act on a common substrate. 

Although oligosaccharide biosynthesis is directly dependent upon the presence 
or absence of specific glycosyltransferases, other factors also contribute to glycosyla- 
tion. For example, the transport rate of a glycoprotein through the endoplasmic 
reticulum and Golgi complex, the levels of processing glycosidases, the availability 
of substrates, the host cell, and ultimately, the peptide backbone of the particular 
glycoprotein of interest are important contributors to the final outcome of oligo- 
saccharide structure. Despite these complications, further study into the manipula- 
tion of glycosyltransferase genes may ultimately allow the controlled and predictable 
biosynthesis of glycoprotein sugar chains. 
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Genetic engineering of recombinant glycoproteins 
and the glycosylation pathway in mammalian host cells 
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The analysis of many natural glycoproteins and their recombinant counterparts from mammalian hosts has revealed that 
the basic oligosaccharide structures and the site occupancy of glycosylated polypeptides are primarily dictated by the 
protein conformation. 

The equipment of many frequently used host cells (e.g. BHK-21 and CHO-cells) with glycosyltransferases, nucleotide- 
sugar synthases and transporters appears to be sufficient to guarantee complex-type glycosylation of recombinant proteins 
with a high degree of terminal «2-3 sialylation even under high expression conditions. Some human tissue-specific terminal 
carbohydrate motifs are not synthesized by these cells since they lack the proper sugar-transferring enzymes (e.g. a1-3/4 
fucosyltransferases, «2-6 sialyltransferases). Glycosylation engineering of these hosts by stable transfection with genes 
encoding terminal human glycosyltransferases allows to obtain products with tailored (human tissue-specific) glycosyla- 
tion in high yields. 

Using site-directed mutagenesis, unglycosylated polypeptides can be successfully converted in N- and/or O-glycopro- 
teins by transferring glycosylation domains (consisting of 7-17 amino acids) from donor glycoproteins to different loop 
regions of acceptor proteins. 

The genetic engineering of glycoproteins and of host cell lines are considered to provide a versatile tool to obtain 
therapeutic glyco-products with novel/improved in-vivo properties, e.g. by introduction of specific tissue-targeting signals 
by a rational design of terminal glycosylation motifs. 

Keywords: glycosylation engineering, human fucosyltransferases, human sialyltransferases, N- and O-glycosylation, host 
cell specificity, recombinant glycoprotein expression 



Introduction 

The importance of the posttranslational modification of 
polypeptides with N- or 0-linked oligosaccharides is well 
documented by their implication in numerous biological 
phenomena [1]. Consequently, it has already been recog- 
nized in the early eighties [2] that only mammalian host 
cells meet the criteria for an appropriate biotechnological 
development of recombinant glycotherapeutics to be used 
in humans. This has led to the attractive new research area 
of the biotechnology of mammalian cells as factories for 
medicinal glycoproteins. 

Protein-linked oligosaccharides control the intracellular 
and tissue targeting of polypeptides, their half-life in vivo 
and their dynamic interaction with other proteins inside 
the cells or in body fluids. Carbohydrate structures of gly- 
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coproteins are typically polypeptide-specific and it has 
been shown that each individual glycosylation site of a 
glycoprotein may contain its own characteristic pattern of 
oligosaccharide chains [3]. Apart from the 3D-domain 
structure that governs its decoration with glycans, also the 
tissue or cell type that synthesizes a glycoprotein plays 
an important role in the phenomenon of microhetero- 
geneity of protein glycans. This is a result of the regulated 
expression of a characteristic set of glycosidase and ter- 
minal glycosyltransferase genes which is different in the 
various cells/tissues of an organism [4] and may also vary 
with the physiological conditions of an organism or the 
differentiation state of cells. For example, human trans- 
ferrin secreted from liver cells into the blood stream 
contains oligosaccharides usually found on serum glyco- 
proteins, mostly afuco diantennary oligosaccharides with 
terminal a2,6-linked NeuAc, whereas the same protein 
isolated from human cerebrospinal fluid carries asialo and 
asialo-agalacto diantennary forms of proximally fucosy- 
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lated chains with bisecting GlcNAc typical for glycopro- 
teins synthesized in brain tissues [5-7] due to the different 
expression levels of the pertinent terminal glycosyltrans- 
ferases. 

Concepts for the biotechnological production of recom- 
binant glycoprotein therapeutics or recombinant retrovirus 
vectors and ex vivo expansion of human primary cells for 
medicinal treatment must take into consideration different 
interactions of differently glycosylated cell/virus surface 
glycoconjugates or soluble glycotherapeutics with cellular 
receptors and subsequent altered modulation of intracellu- 
lar signalling cascades. While during the past 12 years much 
work has been published on the structural characterization 
of recombinant glycoproteins expressed from various 
mammalian and nonmammalian expression systems, a 
great deal of efforts is presently going into attempts to 
improve recombinant host cell lines, and here especially 
mammalian cells, for the manufacturing of glycoprotein 
pharmaceuticals and retrovirus vectors with novel in vivo 
properties. It seems promising to explore the advantages of 
new generations of products with improved in vivo stability 
and carbohydrate-based tissue-targetable addressing sig- 
nals. For this, the host cell lines must be improved by 
genetic engineering with newly introduced glycosyltrans- 
ferases. The transferases must be stably directed into the 
proper subcellular compartment for their efficient function 
in the glycosylation pathway of the host. Here we are re- 
porting on some of these aspects of the work from our 
laboratory at the German Center for Biotechnology (GBF) 
during the past 10 years. 

I. Recombinant expression of human therapeutic 
glycoproteins 

Mammalian host cells 

Recombinant mammalian host cells cultured in large biore- 
actor systems are currently used to generate human glyco- 
protein pharmaceuticals which can be obtained from 
natural sources in only minute quantities. Amongst the first 
recombinant pharmaceutical glycoproteins produced from 
mammalian host cells were the secretory polypeptides in- 
terleukin-2 (IL-2), interferon-p (IFN-0 and interferon-? 
(IFN-y) [8-10]. Over the past 12 years the literature report- 
ing on the glycosylation analysis of recombinant glycopro- 
teins from different hosts has accumulated tremendously. 
In most of these studies Chinese hamster ovary (CHO) and 
baby hamster kidney cells (BHK-21) have been used as 
expression systems and most of our present knowledge 
about the culture conditions that can affect the fine struc- 
tural characteristics of recombinant glycoproteins pro- 
duced in large scale processes has been obtained from 
studies with these two hosts cells [11-14]. In our hands, a 
constitutively secreted glycoprotein expressed at a level of 
0.1 u.g/ml from BHK-21 or CHO cells has the same carbo- 



hydrate structure as has the protein expressed at a 200-fold 
higher level, and as a general rule, it appears that the glyco- 
sylation machinery of the host cell itself is not a bottleneck 
for an efficient posttranslational modification of a polypep- 
tide with carbohydrates. However, problems might eventu- 
ally be encountered when a recombinantly expressed 
protein has an abnormal half-life in different cellular sub- 
compartments of the host. It should be noted that in rare 
cases the selection procedures used for the isolation of 
transfected high expression cell clones may lead to the 
detection of a variant cell clone with aberrant glycosylation 
capacity, as has been recognized in our laboratory with a 
BHK-21 cell line that showed a complete loss of carrying 
out complex-type glycosylation of a recombinantly ex- 
pressed protein [15]. 

As has become clear from the work of others and our 
own investigations, CHO and BHK-21 cells show basically 
the same characteristics for the glycosylation of recombi- 
nant N- or O-glycoproteins. The structural features de- 
tected in recombinant glycoproteins expressed from 
murine and hamster cell lines are summarized in Table 1. In 
principle, the antennarity and the LacNAc content of N- 
linked oligosaccharides of a given recombinant glycopro- 
tein expressed in CHO, BHK-21 or the murine cell lines 
will be the same and this is also true for characteristics of 



Table 1. Structural features of N-linked oligosaccharides from 
recombinant glycoproteins expressed in mammalian host cells. 
Data are based on structural analysis of the recombinant human 
glycoproteins IFN-p, Epo, AT III, IL-6, tissue-plasminogen activa- 
tor and p-TP as well as recombinant humanized antibodies, 
soluble receptor proteins and A/-glycosylation mutants of human 
IL-2. 



host cell line 



carbohydrate structure 


CHO 


BHK-21 


C127 


Ltkr 


proximal fucose 


+ 


+ 


+ 


+ 


Fuc(a1-2)Gal-FT 


+ 


+ 


? 


? 


a2,6-NeuAc 






+ 


+ 


a2,3-NeuAc 


+ 


+ 


+ 


+ 


NeuAc(a2-8)NeuAca2-3-R 


+ 


+ 






NeuGly* 


+ 




+ 


+ 


tri/tetra-antennarity 


+ 


+ 


+ 


+ 


Gal(p1-4)GlcNAc repeats 


+ 


+ 


+ 


+ 


Gal(pi-3)GlcNAc-R 




+ 






sulfated glycans 


+ 


+ 


+ 


+ 


Gal(ct1-3)Gal 


+ 




+ 


+ 


branched repeats 


? 




+ 




mannose 6-phosphate* 




+ 


? 


? 


bisecting GlcNAc 






+ 


+ 


GalNAc(p1-4)GlcNAc 











'detectable only in trace amounts 

"detected in large amounts in the BHK-21 A variant cell line [16,17] 
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the oligosaccharide pattern at individual glycosylation sites. 
However, in view of the pronounced higher microhetero- 
oeneity of terminal carbohydrate motifs in recombinant 
products obtained from the murine host cells (a2,3- vs. 
o2,6-NeuAc, NeuGly, Gal(al->3)Gal, Gal(pi->3)GlcNAc- 
r. sulfated structures and branched repeats in Ltk~ and 
C127 cells), the two hamster cell lines seem to provide a 
more favourable expression host cell system when low gly- 
coform heterogeneity is required. 

It should be emphasized that in most publications on 
carbohydrate structures of recombinant glycoproteins the 
work has been performed with purified glycoprotein 
preparations destined for pharmaceutical use. Conse- 
quently, these preparations represent a subfraction of the 
total product secreted by the host cell and they are en- 
riched in glycoforms which are believed to be most effec- 
tive for in vivo application in humans. One such example 
is recombinant human erythropoietin (EPO) from BHK- 
21 or CHO cells where only a highly sialylated subfraction 
(based on the isoelectric focussing pattern) of the total 
recombinant glycoprotein hormone that is secreted by the 
producer cells is manufactured for medical treatment. This 
subfraction represents only about 20-25% of the total 
EPO secreted from the host cell lines. Therefore, for a 
complete description of the glycosylation characteristics of 
any host cell, it is indispensible to purify the product quan- 
titatively, e.g., by immunoaffinity chromatography using 
polypeptide-specific antibodies that guarantee >90% final 
yield. 

Significant advances in the sensitivity of carbohydrate 
structural analysis has been achieved during the past three 
years. Especially in mass spectrometry (on-line ESI-MS, 
nanospray tandem mass spectrometry (ESI-MS/MS) and 
improved MALDI/TOF techniques), very sensitive instru- 
mentation for glycosylation analysis has been made avail- 
able to a broader group of research units, and thus has led 
to a broader use of complementary tools by academic 
researchers and in industrial laboratories. This is of out- 
standing importance in the area of glycobiology and gly- 
cotechnology where the combined methods of molecular 
biology, protein biochemistry, cell biology and analytical 
know-how are required to understand in detail the basic 
mechanisms and the role of modification of proteins and 
lipids with carbohydrate in both, health and different states 
of disease. 

Production of secretory glycoproteins in insect cells 
using the recombinant baculovirus expression 
system 

Some 10 years ago it has been proposed to use insect cells 
infected with recombinant baculo viruses for production of 
large amounts of recombinant glycoproteins. However, it 
has become clear that the insect expression system has 
l ts limitations for the production of mammalian-type 



modified glycotherapeutics. We found that secretory gly- 
coproteins that contain complex-type /V-glycans when ex- 
pressed in mammalian host cell lines are modified only 
with the short oligomannosidic Man(al->6)Man(pi->4) 
GlcNAc(pl^4)[Fuc(al->6)]GlcNAc and Man(a->3)[Man 
(a->6)]Man(pi->4) GlcNAc(pi^4)[Fuc(al^6)]GlcNAc 
N-glycans when expressed from Sf21 or Sf9 {Spodoptera 
frugiperda) cells [18]. N-glycan structures most similar to 
those synthesized in Sf9 or Sf21 cells were also detected 
in the products secreted from SPC-Bm36 (Bombyx mori) 
cells (see Table 2). SPC-Bm36 cells produce ^-glycosy- 
lated proteins with higher amounts of dimannosyl- over 
trimannosyl-oligosaccharides and only 60% al,6-fucosyla- 
tion of the proximal GlcNAc. A model glycoprotein with 
a potential O-glycosylation motif [18] expressed from 
SPC-Bm36 cells was found to be unglycosylated, modified 
with GalNAc or with Gal(pi->3)GalNAc in a ratio of 
1:3:5 that is different in the same protein when synthesized 
from Sf21 cells, where a ratio of 1:4:4 was detected [18]. 
Therefore, it appears that SPC-Bm36 cells generally un- 
derglycosylate N- and 0-glycoproteins. 

N-glycan structures of glycoproteins expressed from 
BTI-Tn-5Bl-4, "High Five" (Trichoplusia ni) cells are es- 
sentially the same as those from Sf21 cells and are present 
in a similar ratio. However, a considerable proportion of 
the oligosaccharides was found to be difucosylated, con- 
taining an additional fucose in al,3-linkage to the proxi- 
mal GlcNAc. The enzymatic activity involved in the 
biosynthesis of this structural motif has also been de- 
scribed for a Mamestra brassica cell line, IZD Mb0503 
[19]. Surprisingly, the analysis of a ^-glycosylated protein 
variant expressed in BTI-EaA (Estigmene acred) cells re- 
vealed the presence of fucosylated trimannosyl-oligosac- 
charides containing 1,2, or small amounts of even 3 
terminal GlcNAc-residues as detected by methylation 
analysis and ESI-MS/MS of the pertinent tryptic glycopep- 
tide [20]. However, no indication for galactosylated oli- 
gosaccharides was detected by the complementary 
analytical techniques applied in our laboratory. Such 
complex-type N-glycan structures were not detected on 
recombinant glycoproteins expressed in any other bacu- 
lovirus-infected insect cell line shown in Table 2. These 
data clearly confirm our previous results [18] and those 
of others [21,22] that insect cells lines are incapable of 
synthesizing sialylated lactosamine complex-type N-gly- 
cans or sialylated core 1 O-glycans and therefore are not 
suitable for the production of recombinant pharmaceuti- 
cal glycoproteins for clinical use. 

An further disadvantage of the insect cell expression 
system is that recombinant baculovirus vector-driven high 
expression of proteins is run as a batch-culture process and 
cells die after infection within the productive phase. Only 
about 20% of the total recombinant protein synthesized by 
the host cells is secreted into the supernatant. The remain- 
der is found denatured as inclusion body-like aggregates 
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inside the cell and is partially released into the medium at 
later states of infection from dying cells [23]. Nevertheless, 
the baculovirus expression system is the preferred system 
when the production of several 100 mg of a protein is 
required for research purposes within a short time and a 
niammalian/human-type of glycosylation is not of primary 
importance. 



II. Genetic engineering of new glycoproteins and their 
recombinant expression in animal cells 

Engineering of proteins with new glycosylation 
properties 

The successful modification of a polypeptide with newly 
introduced N- or O-glycosylation properties may increase 
its solubility or influence its in vivo biological properties 
(e.g., activity, antigenicity, rate of clearance). In other cases, 
the simple deletion of a glycosylation site with pronounced 
carbohydrate microheterogeneity might also be of advan- 
tage for a final clinical application of the product. It is now 
known from the 3D-structures of many glycoproteins that 
N- or O-glycosylation motifs are mostly found in loop-re- 
gions of polypeptides. According to our experience, a sin- 
gle amino acid exchange creating a new potential 
consensus tripeptide Asn-Xxx-Ser/Thr is often not suffi- 
cient for jty-glycosylation to occur, even when present in 
loop regions. The concept of polypeptide-specific and gly- 
cosylation site-specific modification of proteins with car- 
bohydrates has led us to investigate by using site-directed 
mutagenesis the introduction of individual glycosylation 
domains from donor glycoproteins with known glycosyla- 
tion characteristics into suitable locations of model ac- 
ceptor proteins (IL-2, IFN-3- This approach aimed at the 
definition of short peptide domains that should result in 
predictable oligosaccharide structures when the constructs 
are expressed from a given host cell. The insertion of short 
(8-15 residues) peptide sequences containing an Asn-Xxx- 
Thr/Ser sequence has been proved to be successful, and, 
most importantly, was found not to severely affect the 
overall 3D-structure as shown for the biological activity of 
the resulting human IL-2 and IFN-3 variants [23,24]. We 
have analyzed the carbohydrate structure of the different 
resulting chimers after expression from BHK-21 cells as 
shown in Figure 1. The single N-glycosylation site of hu- 
man IFN-3 contains preponderantly diantennary complex- 
type oligosaccharide chains when expressed from CHO or 
BHK-21 cells [9,25], as is the case for all four N-glycosy- 
lation sites of human antithrombin III (AT III) [26]. The 
three N-glycosylation sites of human EPO from the same 
host cells contain preponderantly tetraantennary chains 
with 1-3 N-acetyllactosamine repeats [27-30], with Asn^ 
(site III) bearing the most homogenous oligosaccharide 
population. As mentioned above, the introduction of a new 
^-glycosylation site into the IL-2 polypeptide by substitu- 



tion of Thr 3 ->Asn (APNSSSTKKT 10 ..) does not result in 
any modification with N-glycans when the construct is ex- 
pressed from BHK-21 or Ltk~ cells [24]. However, the 
transfer of the human IFN-3 N -glycosylation domain 
SSSTGWNETIV(GG) to the N- or C-terminus of IL-2 
yielded proper N-glycosylation with diantennary complex- 
type chains [31,32], as is the case for wild-type IFN-3 from 
these hosts [9,25]. 

Similarly, the peptide comprising the N-glycosylation do- 
main III of human AT III was found to be modified with 
diantennary N-glycans when inserted at position 80 within 
the loop region between helices B' and C of human IL-2 as 
is depicted in Figure 1. However, the introduction of N-gly- 
cosylation domain III of human EPO at the same location 
resulted in oligosaccharides with significantly higher anten- 
narity. These investigations indicate that /V-glycosylation 
domains can successfully be transferred from one protein 
to a loop region or the N- or C-terminus of another protein. 
Our data allow for the conclusion that in several cases the 
characteristic antennarity of the donor N-glycosylation do- 
main is preserved when inserted into the newly constructed 
mutant glycoprotein [11,23,24,31,32]. 

Engineering of O-glycosylated proteins 

All mammalian cell lines frequently used for recombinant 
protein expression (e.g. the cell lines in Table 1) modify O- 
glycosylation sites with preponderantly core 1 O-glycans 
containing one or two NeuAc [27,29,33]. In secretory glyco- 
proteins like human IL-2 or EPO, which are O-glycosylated 
at a single hydroxyamino acid, all recombinant host cells 
recognize specifically the same Ser or Thr that is modified in 
the natural protein even when it is part of a hydroxyamino 
acid cluster [11,24], as is the case for human IL-2 where spe- 
cifically Thr 3 within the N-terminal sequence H 2 N- 
APT 3 SSSTKKT 10 ... is modified by NeuAc(a2->3)Gal 
(pi^3)[NeuAc(a2-^6)] 0 _ 1 GalNAc chains [33]. As is sum- 
marized in Table 3, mutant IL-2 proteins with substitution of 
Thr 3 ->Ser or containing Thr at position 5 are not O-glycosy- 
lated [24] . The deletion of Thr 3 or its substitution with Ala or 
Ser abolishes O-glycosylation completely, whereas the ex- 
change of Ser 4 or Ser 6 to Thr results in detectable O-glycosy- 
lation. The peptide sequences APTPP, APTAPPT (present 
in human plasminogen) or the artificial sequence APTPPP 
can be used to introduce novel O-glycosylation sites into hu- 
man IL-2 or human IFN-3 at different positions of the 
polypeptide chain [11,18,24,32], and the resulting proteins 
are efficiently O-glycosylated in BHK-21 cells and Uk~ 
cells, as is indicated also in Figure 1. Thus, these sequence 
motifs can be considered to constitute general transferable 
O-glycosylation recognition domains when introduced into 
loop regions of polypeptides although no consensus se- 
quence for the attachment of O-glycans to polypeptides has 
yet been identified. 
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Figure 1. Genetic engineering of glycoproteins with defined glycosylation characteristics: Insertion of N- and O-glycosylation domains into human 
IL-2. panel A, glycosylation domain donor glycoproteins with known glycosylation characteristic; panel B, 3D-structural model of human IL-2 based 
on NMR data; arrows indicate acceptor sites used for insertion of glycosylation domains; panel C, glycosylation acceptor characteristics of newly 
introduced domains as identified by analysis of the resulting IL-2 variants. Bars A, B/B\ C and D indicate helical domains of human IL-2 as shown in 
Figure 1B 
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Table 3. Mutation analysis of the Oglycosylation acceptor 
properties of the N-terminus of human IL-2. Data were corrobo- 
rated by immunoprecipitation of stably (BHK-21) as well as 
transiently (Lf/r) transfected mammalian host cells and N-termi- 
nal sequencing of the purified proteins. 



^-terminal sequence 


O-glycan attached at position 


APTSSSTKKT 


3 


APASSSTKKT 


no 


AP3SSSTKKT . . . 


no 


APSSSTKKT . . . 


no 


APTESSTKKT . . . 


3t 


APTSISTKKT . . . 


3i 


APTSSITKKT . . . 


3t 


APNSSSTKKT . . . 


no 


APSISSTKKT . . . 


no 


APSSISTKKT . . . 


no 


APSSSITKKT . . . 


no 


APTAPPTKKT . . . 


3t 7 


APTPPSTKKT . . . 


3t 


APTPPPTKKT . . . 


3t 



III. Construction of host cell lines with novel 
glycosylation characteristics 

In vivo specificity of glycosyltransferases 

In vitro assays of glycosyltransferases with small acceptor 
substrates may yield some preliminary information about 
acceptor substrates properties recognized by the enzymes 
and are indispensible for the evaluation of glycosyltrans- 
ferase levels in cells/tissues and the control of enzyme pu- 
rification. A final description and comparison of the in vivo 
specificity of the individual glycosyltransferases, however, 
can only be achieved by structural analysis of the cellular 
product(s). As shown in Figure 2, we suggest the recombi- 
nant expression of the full length form of human glycosyl- 
transferases along with a suitable reporter glycoprotein 
(here human P«TP) at a constant expression level in a 
heterologous mammalian host cell line that is devoid of the 
pertinent enzyme activity. This is considered to represent a 
valuable model and should enable the comparison of the in 
vivo specificities of different members of a glycosyltrans- 
ferase family [16,17,34,35] and allow the selection of the 
optimal enzyme suitable for the glycosylation engineering 
of host cell lines for the production of a new generation of 
glycotherapeutics with defined altered glycosylation char- 
acteristics. Basic information can be expected from such 





F '9ure 2. Genetic engineering of new BHK host cells by transfection with human glycosyltransf erase genes. In order to generate expression of a 
reporter glycoprotein, BHK-21 cells were transfected with a plasmid encoding human p-TR The recombinant p-TP secreted from such cell lines is 
glycosylated host cell-type-specifically with a2,3-di- or monosialo diantennary complex-type N-glycans (with proximal fucose) as indicated by U S" 
attached to the structural symbols, panel A, cotransfection with the human ST6Gal I gene leads to secretion of p-TP containing a2,6-linked NeuAc; 
Panel B, cotransfection with human a1 ,3-fucosyltransf erase VI (FT6) results in p-TP modified with slex- or Lex-containing oligosaccharides 
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studies concerning the intracellular organization of the 
protein glycosylation machinery and the temporal and spa- 
tial distribution of the transferases in the in vivo biosyn- 
thetic compartments. Prerequisites for such an in vivo assay 
system are: 

i. Reproducible transfection procedures using high ex- 
pression vectors and rapid selection/isolation of stably 
transfected cells 

ii A constant level of acceptor substrate expression (re- 
porter glycoconjugate) by the host cells 

iii. A defined expression level of the recombinant en- 
zymes (20- to 50-fold higher expression levels of the 
wild-type forms are achieved in transfected cells when 
compared to the levels in primary cells/tissues) 

iv. A simple, fast and quantitative purification procedure 
for the product (preferably secreted into the medium) 

v. Application of fast and sensitive carbohydrate struc- 
tural analytical micromethods (MS and MS/MS-tech- 
niques, HPAE-PAD) 

It should be emphasized that the 3D-structure of the glyco- 
protein substrate and thus the accessibility of its oligosac- 
charide moieties under the intracellular environmental 
conditions is also of importance. In addition, it is conceiv- 
able that cell surface membrane glycoproteins might be 
recognized differently than are obligate secretory glyco- 
proteins. However, for a given model glycoprotein with 
defined structural characteristics, the above approach by 
analysis of a reporter glycoconjugate from stably trans- 
fected cells should yield precise information on the in vivo 
substrate specificity of the individual members of a family 
of enzymes acting on the same precursor substrate. Tran- 
sient expression experiments are of limited value, since cell 
damage and cell leakage resulting from the transfection 
procedures is considered to lead to artefacts. 

Engineering of cells by stable transfection with 
human al,3/4-fucosyl transferases genes 

Analysis of the in vivo acceptor substrate specificity of 
fucosy [transferases by glycosylation analysis of coexpressed 
recombinant human P-trace protein. 

The <xl,3/4-fucosyltransferases III- VII [36-411 add fucose 
to the GlcNAc residue in sialylated or unsialylated 
Gal(pi->3)GlcNAc-R or Gal(pi->4)GlcNAc-R type struc- 
tures of glycoconjugates. They are thus involved in the 
regulation of the synthesis of the Lewis X (Lex) and sialyl 
Lewis X (sLex) type ligands that are involved in inflamma- 
tion-induced adhesion of neutrophils, monocytes, T cells 
and platelets to selectins [42-45]. Fucosylated glycoconju- 
gates play also a central role in other important biological 
phenomena like differentiation and tumorigenesis, and 
elevated levels of peripherally fucosylated serum glycopro- 



teins have been detected in humans associated with inflam- 
matory processes [46,47]. 

Many natural human tissues/cells express more than one 
fucosyltransferase at the same time and therefore it is diffi- 
cult to obtain homogenous enzyme preparations from natu- 
ral tissues or body fluids for the unequivocal assessment of j 
the specificity of the individual enzymes. The cloning of the 
<xl,3/4-fucosyltransf erases III- VII (FT3-FT7) and their ex- | 
pression in recombinant form has provided a tool to isolate 
pure enzyme preparations for studying their substrate speci- 
ficity in vitro. However, several questions concerning the 
implication of each of the individual fucosyltransferases in j 
the generation of selectin ligands are still not resolved. 

Mammalian glycosyltransferases are Golgi-resident type ! 
II transmembrane proteins, and according to current opin- j 
ion, their transmembrane region is responsible for the reten- j 
tion of the enzymes in the proper Golgi compartment. Many / 
transferases contain N-glycosylation sites in their stem re- ) 
gion and/or their catalytic domain; however, no information j 
is available if, or to what extent, N-glycosylation is involved I 
in the in vivo activity or specificity of glycosyltransferases. A 
number of publications have appeared that describe the 
recombinant expression of human fucosyltransferases . 
[48-52] mostly as soluble forms lacking the cytoplasmic, the ( 
transmembrane and some part of the stem region. In several | 
cases, recombinant chimers containing N-terminally fused 
polypeptide fragments (e.g., of protein A) have been con- 
structed to facilitate recombinant enzyme purification. 
According to the data published so far, FT7 has been re- 
ported to fucosylate exclusively a2,3-sialylated N-acetyllac- 
tosamine-type structures in vitro and is inactive with neutral 'i 
acceptors [41 ,51 ,52]. FT4 acts almost exclusively on unsialy- 
lated Gal(pi->4)GlcNAc-R (type II) structures [48,53], J 
whereas in vitro, FT5 and FT6 have been reported to act on \ 
both, a2,3-sialylated as well as unsialylated type II acceptors 
[48,49,54]. FT3 has been reported to mainly transfer Fuc in / 
al ,4-linkage onto GlcNAc in type I chains [34,48,54]. Activ- *j 
ity with type I acceptors has also been found for human FT5 
[48], while FT4, FT6 and FT7 are not active with J 
Gal(pi->3)GlcNAc-R substrates [41,48,54]. 

Human P-TP is a 168 amino acid protein which contains 
two Af-glycosylation sites that are occupied with almost 
exclusively diantennary complex-type chains [5,16,35,55]. 
Similar to human transferrin described above, p-TP iso- 
lated from human cerebrospinal fluid exhibits "brain-type" 
glycosylation characteristics, i.e., mainly truncated asialo 
chains, bisecting GlcNAc, complete proximal and some pe- 
ripheral fucosylation besides small amounts of a2,3/6-sialy- 
lated N-glycans [5,7]. Recombinant human p-TP expressed j 
from wild-type BHK-21B cells is also modified with almost j 
exclusively diantennary oligosaccharides at each of its two J 
N-glycosylation sites, however, as shown in Figure 3, the 
oligosaccharide pattern here is very homogenous, the struc- 
tures contain either two or one <x2,3-linked NeuAc and 
only small amounts of asialo chains are present [16,35]. ( 
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NeuAc o2-3 Gal/Jl-4 GlcNAc £1 -2 Man al N Fucal^ 

*Man£l-4 GlcNAc^l-4 GlcNAc 

NeuAc a2-3 Gal01-4 GlcNAc 01-2 Man al ' 



' Gal01-4GlcNAc01-2Manal s Fucal N6 
NeuAc a2-3 < *Man£l-4 GlcNAc 01 -4 GlcNAc 

l Gd01-4 GlcNAc 01-2 Manal' 

Figure 3. /v-glycan structures of recombinant human p-TP secreted from wild-type BHK-21 cells contain exclusively a2,3-linked NeuAc. 



Coexpression of p-TP as a reporter glycoprotein from 
cells transfected with a human al,3/4-fucosyltransferase 
therefore should yield oligosaccharides with Lewis X or 
sialyl Lewis X motifs or mixtures of the two motifs depend- 
ing on the in vivo specificity of the transfected fucosyltrans- 
ferase gene. In total 12 different diantennary AMinked 
oligosaccharides can be expected in p-TP from BHK-21 
cells expressing human FT6 (four each of asialo, mono- and 
disialo chains with no, one or two peripheral fucose resi- 
dues, respectively). 

Human FT6 synthesizes preponderantly 
al,3-difucosylated structures on diantennary chains 
in vivo 

When incubated in vitro with soluble FT6 in the presence 
of GDP-Fuc, we found efficient fucosylation of P-TP, with 



a roughly 50% modification of the a2,3-monosialylated 
oligosaccharide with one al,3-linked Fuc, and with 33% 
and 6% modification of the a2,3-disialylated oligosaccha- 
rides with one or two al,3-linked Fuc residues, respectively 
[35]. This result obtained for the complex type Af-glycans is 
in agreement with published reports for the in vitro speci- 
ficity of recombinant human FT6, which indicate that the 
enzyme can form Lex as well as sLex motifs with small type 
II oligosaccharides [49,54]. When p-TP is coexpressed from 
BHK-21 cells together with human FT6 (see Table 4), 
about 50% of all 7V-glycans contain al,3-linked Fuc (cf. Fig. 
4A). However, the sialylation degree of the N-glycans is 
significantly lower when compared to 7V-glycans of P-TP 
from wild-type BHK cells (Fig. 4B), and also in contrast to 
the in vitro modified P-TP, most of the oligosaccharides are 
found to be modified in vivo with two peripheral Fuc (see 



Table 4. Fucosyltransferase activities of stably transfected BHK-21 cell lines. Measurements were performed using the substrate 
GDPf 4 C]Fuc and Gal(p1->4)GlcNAo- O— (CH 2 ) 8 — COOCH 3 as an acceptor A dash indicates incorporation of radioactivity at 
background levels. *FT3 activity was detected by using the type I Gal(p1->3)GlcNAc-0-(CH 2 ) 8 -COOCH 3 acceptor; **FT7 was 
determined with native bovine fetuin. In vitro activity values for FT5 and FT7 are very low; however, from standard transfection 
procedures used, and in view of the in vivo fucosylation efficiency (see Fig. 5), an expression value similar to those detected for the 
other fucosyltransferases is assumed. 



Cel1 line Total activity % of total activity accumulated 

(cells + culture medium) in the culture medium 

jiUx 70-6 ce n s x 4Q n - 1 after 4Q hour$ 



BHK-21 B (wild-type) 



FT3 






FT3* 


100 


78% 


FT4 


75 


27% 


FT5 


1 


0% 


FT6 (BHK21-B) 
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PT6 (BHK-21 A) 
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FT6 (CHO DHFR-) 
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Figure 4. Comparison of p-TP oligosaccharides after in vitro or in vivo modification with human FT6. For in vitro fucosylation, purified p-TP expressed 
from BHK-21 cells was incubated with recombinant soluble human FT6 (s-FT6) in the presence of GDP-Fuc. In vivo data were obtained following 
coexpression of p-TP and full-length FT6 genes in BHK-21 cells (ct, Fig. 2). panel A, percentage of nonfucosylated, a1,3-mono- and at ,3-difucosy- 
lated AAglycans; panel B, percentage of disialo, monosialo and asialo diantennary chains in p-TP /Vkjlycans 
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Table 5. In vivo fucosylation characteristics of human a1,3/4-fucosyltransferases. Values represent the percentage of all diannten- 
nary oligosaccharide forms comprising >90% of total N-glycans isolated from p-TP expressed in each individual FT-transfected 
BHK-21 cell line. Structural analysis was performed by HPAE-PAD mapping, MALDI/TOF-MS, ESI-MS/MS and methylation analysis. 
The two isomeric monosialo/monofucosylated structures from FT3, FT5 and FT6 cells were not resolved. 
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also Table 5). The ratio of sLexrLex antennae in the total 
N-glycan mixture is 1.1:1. The lower sialylation degree of 
P-TP from FT6 cells compared to wild-type BHK-21 cells 
can be explained by an in vivo competition of the recombi- 
nant^ expressed FT6 with the endogenous ct2,3-ST(s), 
ST3Gal III and/or ST3Gal IV, for the common asialo oli- 
gosaccharide substrate. This phenomenon has been ob- 
served previously for products from recombinant host cell 
lines transfected with al,3-galactosyltransferase [56] or 
FT4 [57]. The a2,3-STs have been reported to be unable to 
sialylate Gal(pl^4)[Fuc(al->3)]GlcNAc-R motifs 
[41,50,57]. Obviously, as is the case for in vitro incubation 
conditions, FT6 can act also in vivo on both, a2,3-sialylated 
as well as unsialylated AMinked oligosaccharides. To our 
knowledge, this is the first publication describing quantita- 
tively and in detail the in vivo substrate specificity of a 
recombinant fucosyltransferase expressed in a stably trans- 
fected heterologous host cell line [35], 

All human al,3/4-fucosyltransferases synthesize 
sLex structures in vivo 

The differences of the in vitro and in vivo results obtained 
for FT6 led us to compare the in vivo properties of all 
human al,3/4-fucosy transferases. For this, we have also 
constructed stable BHK-21 cell lines (see Table 4) express- 
ing human FT3, FT4, FT5 or FT7 together with human 
P-TP as a reporter glycoprotein, and for each individual cell 
line, (3-TP was purified from the culture supernatant and 
subjected to oligosacharide structural analysis using 
MALDI/TOF-MS, ESI-MS/MS and HPAE-PAD mapping. 
About 30-50% of the AMinked oligosaccharides of p-TP 
secreted from the new cell lines were al,3-fucosylated ex- 
cept for the FT3 cell line in which case only 19% of the 
structures were fucosylated. A comparison of ail p-TP N- 



glycan structures formed by the al,3/4-FT- transfected cells 
is presented in Table 5 and gives an overview of the in vivo 
substrate specificity of the five known human al,3/4-FTs 
with protein-bound complex-type N-linked oligosaccha- 
rides [35]. 

FT7 cells (/.<?., BHK-21 cells coexpressing FT7 and p-TP) 
exclusively synthesize sLex structures. We have confirmed 
this also for the monosialylated oligosaccharide fraction 
that did not contain any <xl,3-difucosylated structure. The 
single Fuc was exclusively present as the sLex and not as 
the Lex motif (determined by ESI-MS/MS, see. ref. [35]), 
and the small amount of asialo oligosaccharides did not 
contain any Lex epitopes. This in vivo specificity with com- 
plex-type N-glycans is in agreement with recent work pub- 
lished on the in vitro activity of the enzyme with small 
oligosaccharide substrates [41,50,51]. 

The vast majority of the peripherally fucosylated prod- 
uct in P-TP oligosaccharides from FT4 cells were found to 
contain the Lex motif which result is compatible with pub- 
lished data on the in vitro activity of FT4 with low molecu- 
lar weight compounds. From the fragmentation pattern of 
reduced and permethylated chains using ESI-MS/MS, we 
could show that the monosialylated al,3-monofucosylated 
N-glycan contains preponderantly the Lex motif [35]. How- 
ever, a significant amount (11%) of mono-sLex was also 
observed in the disialo oligosaccharide fraction which con- 
tradicts published data on the in vivo specificity of the 
enzyme as measured by E-selectin binding studies 
[41,53,58,59]. However, no al,3-difucosylated disialo struc- 
ture was observed, supporting the view of the preferential 
action of FT4 on nonsialylated Gal(pi->4)GlcNAc-R 
structures. 

FT5 cells secrete P-TP with oligosaccharides modified 
preponderantly with the sLex motif, but also Lex-contain- 
ing structures are formed. They were detected as al,3-difu- 
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Figure 5. Comparison of fucosytated oligosaccharide antennae of p-TP 
secreted from cell lines cotransfected with human fucosyltransf erases 
lll-VII (compare also Table 4) 



nae in P-TP from cells transfected with FT4-FT7 (cf. Fig. 5), 
we conclude that FT3 preferentially acts in vivo as a type I 
chain-specific transferase which is in agreement with the in 
vitro data published previously [34,54]. 

The results of our in vivo specificity studies of recombi- 
nant human al,3/4-FTs indicate that each of the enzymes 
exhibits a specific fucosylation characteristics with type II 
complex Af-glycan chains on coexpressed human P-TP as is 
exemplified by the different sLex/Lex ratios: FT7 (only 
sLex) > FTC (14:1) > FT5 (3:1) > FT6 (1.1:1) > FT4 (1:7) 
[35]. Furthermore, from the results obtained, recombinant 
human FT6 turns out to have a high in vivo preference to 
form al,3-difucosylated structures with all three, asialo, 
mono- and disalo diantennary acceptor oligosaccharides. A 
similar high preference for the synthesis of al,3-difucosy- 
lated diantennary glycans is only detected for FT4 with the 
asialo structures (compare Table 5). Apart from its strict 
specificity towards a2,3-sialylated antennae, FT7 appears 
to have very similar preference for both, al,3-mono- and 
al,3-di-Fuc- transfer onto N- linked oligosaccharides, 
whereas FT3 and FT5 predominantly attach a single pe- 
ripheral Fuc residue to diantennary N-glycans. 



cosylated asialo and al,3-difucosylated monosialo oligo- 
saccharides. In contrast to the situation found for the 
monosialo-monofuco oligosaccharides from FT7 and FT4 
cells, the al,3-monofucosy lated monosialo oligosaccha- 
rides from FT5 cells were found to consist of a mixture of 
Lex and sLex containing structures. 

In a previous study [34], we have reported that human 
FT3 from BHK-21 cells does not fucosylate type II N-ace- 
tyllactosamine structures in several glycoproteins when in- 
cubated in vitro. Furthermore, we could clearly 
demonstrate that, with bovine fetuin as a substrate, only the 
triantennary oligosaccharide containing one. type I branch 
(Gal(pi-»3)GlcNAc) is modified with al,4-linked Fuc in 
vitro, although an 8-fold higher type II acceptor concentra- 
tion (Gal(pi->4)GlcNAc-R branches) was present during 
the experiment [34]. Similarly, we could show that no sLex 
or Lex in vitro activity was present in extracts of FT3 cells 
when using low molecular weight type II oligosaccharide 
acceptors (see also Table 4). These findings have been fur- 
ther confirmed in a recent publication from our group [54] 
describing the failure to in vitro fucosylate diantennary 
type II oligosaccharides with large amounts of a purified 
recombinant FT3 preparation. For the in vivo activity of 
the Golgi form of the enzyme, almost no fucosylation of 
asialo branches was observed in P-TP oligosaccharides 
from FT3 -transfected cells. Using ESI-MS/MS and methy- 
lation analysis, we confirmed that only the sLex and no 
sLea structure was present in the oligosaccharides of coex- 
pressed p-TP. Since only 11% of the total oligosaccharide 
antennae of P-TP from FT3 cells were modified with pe- 
ripheral fucose compared to up to 50% of the total anten- 



Human FT6 requires Golgi membrane localization 
for its in vivo activity 

In a previous publication we have reported that the wild- 
type Golgi form of human FT3 is intracellular^ cleaved in 
stably transfected BHK-21 cells and the catalytically active 
fragment can be detected by in vitro assays and Western 
blotting in the cell supernatant [34]. Similar observations 
have been published for a2,6-sialyltransferase [60], pi,4- 
galactosyltransferase [61], al,3-galactosyltransf erase [62], 
polypeptide al->0 GalNAc-transferase [63], G M 2 syn- 
thase (pl,4-GalNAc-transferase) [64] and FT6 [65]. The 
enzymes responsible for this proteolytical cleavage have 
been proposed to be cathepsin-like proteases or serine pro- 
teases, respectively. We have found that recombinant hu- 
man FT6 is secreted by two different BHK-21 cell lines and 
from CHO DHFR cells [35], as shown in Table 4. While 
FT7 and FT5 were found to be resistant to proteolysis in 
transfected BHK-21 cells, we have also observed secreted 
forms of FT4 in supernatants of cells transfected with wild- 
type human FT4. It is important to consider the proteolyti- 
cally cleaved enzyme forms when describing the in vivo 
specificity of glycosyltransferases, since it is known that 
also from natural cells/tissues considerable amounts of sol- 
uble forms have been detected in the medium of cells or in 
body fluids in certain diseases [66,67]. 

We have addressed the question of a possible contribu- 
tion to the in vivo activity of soluble forms by engineering of 
cells that express variants of human FT6 lacking the cyto- 
plasmic and transmembrane domain and part of the stem 
region (s-FT6), as depicted in Figure 6. In addition, we have 
constructed a chimeric secretable protein (BT-FT6) by fu- 
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Figure 6. Schematic representation of the protein domain structures of wild-type human FT6 and soluble variants. C, T, S denote the cytoplasmic, 
fransmembrane and stem regions; SP = signal peptide; the number of potential AAglycosylation sites are indicated by symbols 



sion of the full-length human p-TP sequence to the N-termi- 
nus of the catalytic domain of human FT6 which resulted in 
a 70-fold overexpression of catalytic activity. Our results 
obtained with the coexpression of S-FT6 together with p-TP 
indicate that enzymes secreted along the secretory pathway 
can be considered to not contribute to the in yivo functional 
activity of the enzyme, since only after about 20-fold overex- 
pression of s-FT6 (cell line s-FT6(II), compare Table 4), we 
were able to detect very small amounts of fucosylation of 
P-TP, and even 70-fold overexpressed BT-FT6 results in a 
low al,3-fucosylation of p-TP, as shown in Table 5. Cho and 
Cummings [68] found by lectin binding that a recombinant, 
soluble al,3-galactosyltransferase (lacking the transmem- 
brane and cytoplasmic domain) is functionally active in vivo 
when expressed at slightly higher levels than the full-length 
form of the enzyme. The reason for this discrepancy is un- 
known; however, that truncated forms of glycosyltrans- 
ferases in general do not contribute significantly to the in 
vivo specificity of the enzyme towards secreted glycoprote- 
ins is supported by our finding that a recombinant soluble 
form of human ST6Gal I does not modify co-secreted P-TP 
in BHK-21 cells. This finding is confirmed by a recent publi- 
cation [69] where the authors describe that soluble forms of 
recombinant pl,4-GalNAc-transferase or ST6Gal I were 
not at all or significantly less efficient in vivo than their 
membrane-bound counterparts. It should be emphasized 
that in natural tissues or cells transferase expression levels 
are much lower than those that can be achieved by transfec- 
tion of cells with corresponding plasmids when the gene is 
under the control of a strong promoter. 



Interestingly, in addition to the very low fucosylation 
efficiency of the high enzyme activity expressing s-FT6(II) 
cell line in our studies, also the fucosylation pattern of P-TP 
oligosaccharides was different with a higher proportion of 
al,3-monofucosylated structures observed over the al,3- 
difucosylated oligosaccharides which are the major N-gly- 
cans synthesized by cells transfected with the full-length 
form of FT6 [35]. This then supports the view of the impor- 
tance of the cytoplasmic, transmembrane and stem region 
(CrS-region) not only for the in vivo functional activity of 
glycosyltransferases, but also for their in vivo substrate spe- 
cificities. In this context, it seems attractive to speculate 
that the CTS-region is also involved in the addressing of 
glycosyltransferases into different subcompartments of the 
biosynthetic glycosylation pathway of cells. The CTS 
polypeptide domains would be responsible for the target- 
ing of the recombinantly expressed FT6 and FT4 to sub- 
compartments where they can compete with the BHK cell 
endogenous ST3Gal III/IV for the same acceptor substrate 
since the sialylation state is lower for the N-glycans of P-TP 
secreted from the transfected cells (and as mentioned 
above, this indicates that ST3Gal III and ST3Gal IV do not 
recognize Lex motifs in vivo). The targeting properties of 
the FT6 CTS-region should result in an intracellular 
broader distribution of this enzyme functional activity and 
its overlapping with ST3Gal III/IV. FT4 should be targeted 
into an earlier Golgi subcompartment before the a2,3-STs 
modify the acceptor Gal(pi->4)GlcNAc-R substrate. Like- 
wise, the CTS-region should direct FT7 and FT5 into a later 
functional compartment than the BHK cell endogenous 
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a2,3-STs which must provide the properly sialylated oli- 
gosaccharide precursor substrates. 

Engineering of cells by stable transfection with 
human Gal(pi->4)GlcNAc-R a2,6- sialyltransferase 

BHK-21 cells and CHO cells do not express N-glycan-spe- 
cific a2,6-sialyltransferases (see Table 1). Therefore, glyco- 
proteins with this typical human serum-type sialylation 
characteristic are not synthesized by these host cell lines. 
The stable transfection of cells with plasmids encoding hu- 
man ST6Gal I [70] seems to be an attractive way to ma- 
nipulate host cell lines for the production of this human 
serum-type carbohydrate structural motif. This experimen- 
tal approach is justified by considering data published for 
the in vitro specificity of ST6Gal I as well as structural 
studies on natural glycoproteins. However, it has to be 
considered that the newly introduced enzyme competes 
with the host cell endogenous a2,3-STs (ST3Gal III/IV) for 
the same precursor substrate Gal(pi-»4)GlcNAc-R as has 
been discussed above for human FT6 and FT4. In order to 
evaluate such a competition, we have stably transfected 
BHK-21 B cells with a plasmid encoding the Golgi-resident 
form of human ST6Gal I and have coexpressed human 
P-TP as a secretory model glycoprotein. 

As depicted in Figure 3, human p-TP from wild-type 
BHK cells contains simple diantennary chains which are 
a2,3-disialylated, monosialylated, or asialo in a ratio of 
70:25:5 [16,35]. BHK-21B cells were stably transfected with 
plasmids encoding human P-TP and human ST6Gal I (c/ 
Fig. 2) and were used for the subsequent production of 
P-TP Isolation of the secreted p-TP from cell supernatants 
was performed by a single step using immunoaffinity chro- 
matography with a polypeptide-specific monoclonal anti- 
body raised against p-TP [55]. Careful structural analysis 
of the AMinked oligosaccharides of the recombinant P-TP 



by complementary techniques (MALDI/TOF-MS, HPAE- 
PAD and NMR methods [16]) was performed and we 
found that monosialylated and disialylated glycans were 
present in a ratio of 1:5. As shown in Figure 7, 60% of the 
disialylated oligosaccharides contained both, a2,3- and 
a2,6-linked NeuAc. The a2,6-linked NeuAc was preferen- 
tially attached to the Gal(pl^4)GlcNAc(pl->2)Man 
(al->3) branch. This indicates that the newly introduced 
ST6Gal I competes with the endogenous ST3GaI III/IV. 
Since the ST6Gal I from bovine colostrum has been re- 
ported to act preferentially on the Man-3 branch of dian- 
tennary glycans [71], we could confirm the specificity of 
the human enzyme by our in vivo experiments. Similarly, 
we showed successful a2,6-sialylation of di- and trianten- 
nary oligosaccharides of recombinant human AT III se- 
creted by BHK-21B cells coexpressing ST6Gal I (a ratio 
of a2,3- to a2,6-linked NeuAc of 1:2 was determined here 
by integration of the NMR signals of the axial and equa- 
torial H-3 protons of NeuAc in the total oligosaccharide 
mixture [16]). 

Human ST6Gal I tranfers NeuAc in <x2,6-linkage to 
GalNAc(pl->4)GlcNAc-R motifs in vivo 

We have previously identified a BHK-21A cell clone which 
synthesizes large amounts of GalNAc(pl->4)GlcNAc-R 
motifs in addition to the common type II Gal(pi->4) 
GlcNAc-R structures on secretory glycoproteins [16,17]. 
Recombinant glycoproteins secreted from this host cell line 
are found to be undersialylated because the endogenous 
ST3Gal III/IV do not recognize terminal GalNAc(pl-»4) 
GlcNAc residues as a substrate. This offered the possibility 
to investigate if the transfection of this cell line with human 
ST6Gal I would result in a higher degree of sialylation of 
recombinant EPO, since from in vitro experiments it has 
been postulated that the enzyme also recognizes LacdiNAc 
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Figure 7. Disialylated AMinked oligosaccharide chains of recombinant p-TP expressed from ST6Gal l-transfected BHK-21 B cells contain large 
amounts of ct2,6-iinked NeuAc. 
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motifs [72,73], Human EPO expressed from wild-type 
BHK-2J A cells contains large amounts of the unsialylated 
diantennary oligosaccharides with two terminal Gal- 
NAc(Pl->4)GlcNAc motifs as well as tri- and tetranten- 
nary chains with 1,2 or 3 GalNAc substitutions [17]. When 
cells are cotransfected with ST6Gal I (15-fold higher ex- 
pression based on mRNA level and 5-fold higher enzyme 
activity with Gal(pl-)4)GlcNAc-0-(CH 2 ) 8 COOCH 3 as an 
acceptor over the endogenous a2,3-STs), we found asialo, 
a2,6-mono and a2,6-disialylated derivatives of the bianten- 
n ary di-GalNAc oligosaccharides in a ratio of 0.1:1:0.2 
based on the MALDI/TOF signals obtained from the re- 
duced and permethylated native glycan pool of the purified 
EPO product (signals for [M + K + ] at m/z 2360, 2721 and 
3083, respectively) and methylation data [17]. This indi- 
cates that the GalNAc((31->4)GlcNAc-R branches are effi- 
ciently recognized as substrates for ST6Gal I in vivo. The 
cell line therefore allows for the production of recombinant 
glycoproteins with a human-type NeuAc(a2->6)Gal- 
NAc(pl->4)GlcNAc-R structural motif (see Fig. 8) that is 
frequently found in glycoproteins secreted from human 
kidney tissue [74-76]. 

Taken together, the expression of recombinant human 
<x2,6-sialyltransferase increases the sialylation state of gly- 
coproteins secreted from BHK-21 A and BHK-21B cells as 
we have shown for human p-TP, AT III and EPO [16,17]. 
However, the human ST6Gal I has its limitations since the 
enzyme has a high preference for the Man-3 branch of 
oligosaccharides and, due to the competition with the en- 
dogenous ci2,3-STs, the final products contain mixtures of 
a2,3/6-sialylated oligosaccharides. Also many natural hu- 
man glycoproteins have both NeuAc linkages, and at pre- 
sent it is unknown if therapeutic glycoproteins that are 
exclusively modified with a2,6-linked NeuAc would be ad- 
vantageous over those with a mixture of <x2,3/6-linked 
NeuAc. 



Future perspectives 

By using recombinant DNA technology, we are now able to 
efficiently manipulate the glycosylation capacity of cells to 
be used as new stable cell factories for biotechnological 
processes. However, we need to understand in much more 
detail basic regulatory phenomena underlying the complex 
interaction of the intracellular enzyme machinery that is 
involved in the biosynthesis of glycoconjugates. All theories 
and current models of compartmentalization of the cellular 
glycosylation pathways rely on experimental data obtained 
by immuno-localization of the enzymes [77-79]. In our 
opinion, more detailed knowledge about the in vivo func- 
tional localization of the glycosylation machinery of cells is 
required and this has to be approached experimentally. 

The importance of the CTS-region of glycosyltrans- 
ferases not only for their in vivo function, but also for their 
in vivo specificity has been addressed for the human al,3/4- 
fucosyltransferases in this review. In this context, it is note- 
worthy that polysialyltransferase (ST8Sia IV) from humans 
or CHO cells possesses a very short transmembrane do- 
main of only 13 amino acid residues [80,81] which appar- 
ently does not fit to the lipid bilayer thickness model 
proposed for the intracellular targeting of transmembrane 
proteins [78,82]. Nevertheless, according to the concept of 
a sequential action of glycosyltransferases, ST8Sia IV 
should be localized within a late Golgi compartment where 
it can get access to its a2,3-sialylated precursor substrate, 
and therefore, the CTS-region of this transferase attached 
to the catalytic domain of, e.g. t FT6 should direct this en- 
zyme into a location where it should synthesize higher 
amounts of sLex with coexpressed p-TP. Our results, how- 
ever, obtained for this ST8Sia IV-FT6 fusion protein coex- 
pressed together with human P-TP in BHK-21 cells, 
showed an oligosaccharide pattern for the reporter glyco- 
protein that was almost indistinguishable from that ob- 
tained from cells cotransfected with wild-type FT6 [83]. 

Other important considerations include: 
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figure 8. Terminal structural motifs in oligosaccharides of recombinant 
EPO from wild-type BHK-21 A cells and human ST6Gal l-transfected 
BHK-21 A cells 



• identification of in vivo functional cellular subcom- 
partments at the molecular level of transferases and 
nucleotide sugar transporters 

• intracellular turnover and the posttranslational modi- 
fication of the enzymes 

• dynamics of acceptor substrate and transferase trans- 
port within Golgi subcompartments 

• role of splicing variants of glycosyltransferase/glycosi- 
dase genes 

This is of general significance in all cases where recombi- 
nant glycobiology is used not only for the construction of 
"improved" cell factories for the production of more effi- 
cient and safer glycotherapeutics or recombinant retroviral 
vectors for gene therapy with oligosaccharide-based ad- 
dressing signals, but also when it is intended to modify by 
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genetic/metabolic engineering the surface of ex vivo propa- 
gated human primary cells destined for in vivo therapy in 
clinics. 
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